CHAPTgft III 

TS|K M CLAfLSVPICAT^N OF UYNAMOS 

| 1. The two structural portions oTtha dmimo. Thi- variety 
ni different forms whwh tli** dynamo may take is vVry great, yet 
in all then? may be teaerd the two structural portions which the 
<]iial nature of tin- maihmo-reqiifTrn, ami between winch there is 
to lie relative motion, , • 

rThrie is, first, the fid*l-1>uif'net, the function of which is to serve 
as tin: j Kit It hir^the lines of t!ux constituting the field, arifl which 
is therefore composed iriiin-ly of iron. It may usually hr divided 
rutn thus fulls, and these ran he distinguished m Fig. fi, which 
shows a typical hutr-polc |mlt“driven tuachiiie of small size. They 
arc*: (1) the /nag'iut poles or cores (dd), on which the exciting 
roils (tv) arc wound or placed? and through which the lines pass tip 
to or away from the pole-pieces ; (2) 11ff " yoke" (y), which joins 
together the jkihp oft llie magnet ; and (3) tile pole-pieces thrm- 
scl^vs (jV, 5). These latter by reason of their particular shape, 
cause the lines to issue forth into anil pass thiuugh Uu* air-gaps 
in suc h directions and with such density as will best adapt them 
to he cut by the active conductors, 4 

• Secondly* there is the arnutluu fii), which mtisisl* of a number 
of conductors—wires or liars -ahfto.it invariably bf copjier, which 
arc systematically arranged and connected in a definite and 
particular order ; in the dynamo of Fig. 6 they form portions of a 
large number of loops or coils of wire, cfcch of whicty is entirely 
iusulattd from the structure upon which they are wound? and also 
from every other r<ftl. save where the end of one coil is electrically 
joined to the beginning* of the next. In the active conductors 
K.M.IVs are generated, an«l by their grouping are added togtlhrt 
ill scries or placed in*|>;iMJillt*l r * >r ly general brought mto practical 
use at ccrtaui definite point* or *' terminals ° (d, D) to jvhirh the 
cXterrtK{cm nit is applied. ^Tieii we leave the sphere ol theoretical 
diagrams, it is evident ttiat ftiv ;Mivr conduct ni*wust la.* supported 
ill some wajfl and in most eases' the/ are »in practice wound upon, 
or ciftbeddud vi slots in the surface aVylindrical iron*structure, 
which ilsiif forms part a ofr(hr magnetic circuit ami is traversed by 
the tines of dux ; it is this structure id iron fq which, in the first 
instance, was given thc*name ol the armature or ^keeper '* of 
llie magnet or magnets employed to produce lfie held. Thus jn 
the ordinary two-polo dynamo the rytyntfrkal armature of iron 
(Bg. 15) mjiy be likened td the “ keeper ” placed between the 
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two poll* of a. siinj^hofsohoc magnet ; but from its intimate 
connection with the electrical conductors which it supports, the 
term has now been extended to cover thp system of conductors, 
the iron portion its#rlf ’being called (Im: "cpre '* of the armaturd. * 
• | 2 . Rotary tfaotyra of (jh* active conductor* or flefcUmagneU'* 
The sliidfip will floidjlh*s,|m familiar with the aha of an E.M.F 
as Infing generated by rriuvcmerNif a conductor througlf a magnetic 
field so as to rut lliitlme* of flux. Although more wilt be su'd <>n 
tfiis subject in Chapter V with ^ special reference t« the toothed 
armature, it will for ihc pn*eiit introductory purpose be sufficient 
to assume such ” line-cutting '* "as the source of the K.M.F. of 
the dynamo, since from ( it may correctly be obtained the 
O’t-rssury criteria upon 'which to classify the sevvial types of 
machine. ’ t 

Evidently siinpMieitfiliiirar motion of a conductor in mir and 
the sunk* direction across a magnetic held hetwtvn two pole-pieces 
(i p. lug. 30) camiol piartiealiy ‘be maintained for any length of 
time, since thy length of the pole-pieces would have to be infinite 
in order to provide the infinitely tong magnetic field. Jhif the 
definition ol (lie dynamo demands ** c«ntimiou.-» relative motion," 
and hence, whet^(hitconductor has been moved to one end of the 
magnetic field, its direct inti of movement must be reversed. We 
thus pass to oscillatory or reciprocating motion, first in one dilution 
and then back again 411 the opposite direction. Such a yunion 
would be obtained by attaching the active conduct of directly to 
4he piston of a steam engine ; it would give :u*E.M.F. alternating 
in direction, and if the field wen*of uniform deifc.it>’ the value, of 
the E.M.F. would vary as the speed of movement, reaching a maxi¬ 
mum duiing the middle of the stroke, ami reversing at either end. 
lint the arrangement is not convenient, 1 since it is in it easy tost cure 
a spciti high enough to give an appreciable number of volt* with any 
practicable length iff wire and density of fifhl in the air-gap. No 
such difficulty meets us,when we have acivtirsc to fW<i*y motion. 
and hence in all practical dynamos, without except ion, it Is hr 
rotation that ithe “Vonihmofis iffiliw motion" of field an6 
conductor is seemed, ami *11 E.M.F. continuously generated. 

Thtfrfn Fig. <5 the ficlri-fnapnet is stationary l*t its four pole- 
pieces, alternately N. and 5., itcc bon^l nut s* as to embrace the 
circumfereru** of the rotating &rniaturc»ff. In ^tithcr castes the 
urmaWt* it itself stationary atifl the external* ‘^stator,** 

as it is called, within the bore of \\+iirh revolves tte magnefsystem 
or ** rotor/’ * # 

f 3. Bu m lor clawifl Cation of dynApot—In tl 104classification 

gf dynamos several bases of division presonf tl! emsdves, each of 
- * . « t 

1 It was used in the ' xwallator " d<'VdW # bv 7*<[a (EU*tr. Eng., vol. 13, 
prS3) for th«? production of sHt.tll currents at high frequencies. « 
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which has its advantages in throwing light UPonthe affinity ol one- 
machine to another. It might be thouggr that'the distinction 
between dyfcamos yielding an E.M.F. and imrcnt always in the 
( sii»c direction round tie external circuit,Vnd thost' 'yielding an 
^J|er rating ‘E.ll.F. andxunenl in the external vjfcuii, would bg 
the most fundamental ; yet it will be found that i»f two so-railed 
con!itnioW'-curritit dynamos giving a current uiifHimtcd in 
the external circuit, tin* one »uy hi* enfirely distinct from ihr other 
in its whole nature and >tri#tuie. As a mutler of fart, dynamos 
which primaiily and in thwusel^s give an # KM.l\ au<l current 
continuously in the same dim^ioti art* te\v ami -comparatively 
Unimportant- at lea*t up ti> the present tin**. 

Tile fundamental qm^tions to he "h'Jied and answered when 
considering any form of dynamo are as follows- , * * 

(1) If ms tile E.M.3\ produced in each conduct m always 

liave the same direction along ils l< ng!Ji,»oi does it alternate by 
reason of the Mine lines being cut twice ovei in each revolution in 


alternate directions ? * # 

(2) Is the aUivr length of the coiidui tol s ( t |) pas ill lei to, ol (f*) 
at right angles to, the axis of rotation ? 

The first deals with the question whi ther <ach active cotidtictot 
is the seat of an alternating E,MT. 'Hie second'"dealing wiihjhc 
position of tin* length of the active conductor and the dint lion ol 
the field relatively io the axis of lot at ion, dot ermines tin- form of 

i ^ f 

hehhmagncitioqtmrd and the smn tnre nf ihe armature mu- ; from 
{<i) arises the “axial " or cylindrical type of dynamo, finm (6) the 
M radial " or disc,type. % ( 

Thirdly and lastly Comes the question win thru the external 
Voltage and current are alternating m uui-directed. Although 
of the greatest impurfaryr so far as the use of the dynamo is con¬ 
cerned, il^is'md so fundamental in the theory of its:i< tion a^slmwn 
(.(*. by the rotary cower ter, which under sui^ible rondilinift can 
supply from the same armature either durst or all etna ling current 
ti> Aft externa] circuit. 

• { 1 Dynamos divided into <(I) boxu4olar and [Il^hatoropoUr. 

Hy the first criterion, dynamos are divjdi d into Class I, tnmopolar 
dyiiatntis/or tl%se in which each ;uiiwe conductor, when putting 
lines, is always rutting them in tin* din rl inn, a*id therefore the 
E. M. F. induced in it is always in t]je same direction ah^g its lenfilh, 
and Class'll, htlctopolat •dyi or those in which each artivc 

eonduefcr in each revolution gits ilu: sum; lines twice over in 
opposite direct ions-^niuv as they issue tnfm a N. pole and once 
as they ent^r into*a S. pofo—srj that tlie E.M.K induced in it 
alternates in dinAhti. * * 

the hBtn&f>okr dynamo ^Clas^ I) therejs a single field, and 
froir^the natur e of the flu* in an inipesfict magnetic circuit divide 
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by an air-gap, \t exists > between a pair of poles ; but this single field 
is <mly cut once in each revolution, and the cutting always takes 
place iv the same din*lion, so that there hj.no reversal bt the dirce- 
tion of flu: fc.M.R. along the length of a conductor, # Since the linos, 
*rc always cut cn tin* same rlirectjpn, it my be said that they ajy 
rut as c.£. they emerge fn/iii a N, |»olc ; the necessary presence oi 
the sei:rjjir| f ur S, j*>h- may’there fun: in imagination bet left nut of' 
sight, since it is jiot ( 'wanted to luiulntratc arid colh'Ct tin" lines 
for them in he eiit a ser nnr| tittle in t|ft> sarm* revolution, and liracc 
the type of dynamo pf (lass [ fi.i> aKn been termed " unipolar." 
The fundamental pin - iplr the, horn* .polar dynamo is illustrated 
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ciimxl poh^piivrs, jls length bring either parallel (.> the axis 
of rotation, or (/■>) at light angles thereby The K.M.F. generated 
in both eases will always be in tin* same direction along the*con* 
doctor's length, and d. will llst*so lonfc .is it is moving |va>t the point 
faces, quickly dying awav practically v> z£ro in the mutial gap. 
There j*, however, nothings to Jmbid the single lujd of Air homo- 
j*>lar or'unipohr firhl-magrtef ti*>in being dividejl into two or more 
groups of d<4'sr lines or " fields," v'paraded by ;* many gaps of 
very«weak density, earfi sueh fieM ciim^poi'dif'g’to a J>o|ar pro¬ 
jection. ty’mav thus, beg >nie in ;i*senso multipolar, but tli- fields 
an* always of the a»«i # sign, *.i\ have the same tTireethm, and an 
active eoiiifuetnr never «<its the .same lines twfee in ji revolution r 
>0 that the dynamo never loses it,> dbtfltet jyi '^honiopolarity." 

In hdtropoinr dynomps (Class A) sujTf'ssive fields are'of dtfferAu 
mgn, corresponding to a N. and S. pole fn a bipolar dynamo yr to 
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N. and S. pules occurring in alternate W^ssioniti the multipola 
dVratnu. ^ach group of lints belonging to a distinct magnet i 
circuit i* therefore cy| twice by each native conductor in tael 
f ri Volution, opposite tojt X. ;yid S |*>)e huV rennet ivrbvard th> 
♦t.M.F, in cadi conductor is* alternating. *Fijf 6 iJlusuaU's"* 
^n tcri'ikjar dvnamn of the (<f) <«t axialjvjv. • * • 

f 6. Hdtnopol&r dynamos with'flak) uniform in the path of tin 
movement (Clan I. i),—la-t the peh -faces in either o! the twu typ« * 
of*Fig. 7 In- extmtod tocirwr thr^wholr riirh-uf the path liaveisic 
by the rotating oinductor, which will thu* hivoiuv contimu u*dy 
active, re. let the ♦pole-faces bB iTlilrh" < \ hi duc.d in i ;im- («), ni 
.iitnular in r,H: (A),* We thu> nadi |}oniopohir dvr.un* s m vdii-h 
thi' tii'M uniform d« ^ity in tin' path M nii \ < uteri ^ 1< tpjired by 
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tin heading of tin 1 pre^-ut 'iTiMr. Tin flux-density ami tin* 
rate of line-cutting may \,uv along llie length id tin conductor, 
but it will be uniform and itnvaning a long any » in lc nire-rtiii ji: 
with the M rot ahull. Tin F.St.F. ol till- londiirim Willtyirfr- 
lore with constant speed be maintained < i-nI inuoMsIy a. ail absolutely 
constant value without break nr Hm Miat 

# A number of i induct or s tail be siimiailv aiianged in a cirdr 
li'iind the axis of rotation Hi thr’luj iyp.«p.nal|ij in tin- axis, 
and in the (A) tyj»« radialh* thcnl". J\ h»-u conneeted in parallel 
or touching om«anoih«T. a laigej eymVt <an be caitied Iby llietn 
without ii ercase oj tin K.M.F. when tin* who]*- ctrcli. is 

tilled with contiguous strips w» jwialh-1 with each other, we arrive 
in ease («j at a fuBc or to-lhBs' (Vlindci of coppei i^u^cnti iAritli 
the slialf, and in case (h) at a s^id circular disc of metal 1( con¬ 
nection to a stationery extirrial resistance R 4 is then made by 
blushes whH'Ji press on and <<> make coiftaei with (he*J»afk and 
front ends of the <Vlift|pr or outer anil inner itfriphcncs of the disc, 
h(#tio|Ki]ar tlyn.amus obtained which give a coittinnoifc uni- 
diret^ed and constant *E.JLF. and rnnvnl, both externally aiul* 
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within the armature its^ without the need for any " commutator " 
c, such as forms part of the contsnanus-current heteropolar dynamo 

Fig. 6. \ 

Fig. 8'hhoufe the complete cylindrical or .'pmular juries with their 
firiting coils E,‘ E, pombinyd with a complete cylinder and disc, 
as the singly active element- forming the two fundamental types* 
of the hoirtopolar continuouwmrrcnt dynamo. As *hovm, the 
stationary brushes A and 0 press on the shaft and on th« end of 
the cylinder in type {«) «jt the outer circumferenco of the dr* 
in type (5). To the latter type belongs the original disc dynamo 
of Faraday shown in the fn.-ntispi.-ce-- a type jwhirh still survives 
in essentials in certain ainpyrr-huiir mrteis. Statjonaiy brushes 
cm be placed on the periphery of the dec fir on either end of the 
cylinder at as many points of collection as are dcsin-d. 

Tin: present type'of dynamo with uniform field e» not, however, 
coufined fc) tin* ease of the complete cylinder nr disc. It aKoeovers 
M'parate conductors, forming part** of a cylinder nr disc but insulated 
from one another. In this case each conductor, in order to maintain 
contact with the stationary brushes, must be conned id to slip- 
rings oi l which the brushes may contiryioiisly pro>s as the active 
conductor rotates V.y 1 lie use of siirh slip-ringit Incomes possible 
to (‘ounce I two or more active conductor* in muics so as to add up 
their E.M.F.’s, as will he further explained in Chapter VII. 

The reason for treating the above homopolai dynamos in which 
the field is uniform in the path of movement as a sr) urate group 
is that tin* fart of the pole-faces forming a complete circle, cylindrical 
and concrnli ie with the shaft or : unular n a radial plain*, carries 
with it an important coiim-*[H ence, nanniv, lhat it is only by the 
use of sliding contacts arid slip-rings that the E.M.F. of two or more 
sejKuutc coiulue.tors ran be added up (s« $4 Chapter VII). There 
is therefore no mellmd id wind mg the armature of Mjrii a tyjnr of 
machine in the true >ensr of the word. 

9 6. Homopolar dynamos in which the field is non-unilorm in 

the path o! movement (Clast 1 ii). -Reverting to Fig. 7, it. as there 
shewn, the pnh’-faos'arcwiiM cumplne circles, Jet a sec u d similar 
conductor be added in the gap on the opposite side of the shaft, and 
let a cr^mecting wire be Uteriv jhrijdietally round.to join the two 
b ends. From file a owl oflbc htoiuI conductor a connection ran 
ho taken lo4hc a end of a third conductor. ThV E.M.F. of the 
thirtf ctmriurtitf can then be added to that of lift* first, the counter 
E.M.F. oh the second* conductor wliich ads as a # eoimectftjg piece 
being very small owmg’to its position in the \1-ry weak field of the 
region beyond the pole-fh.ee. Thus X lu^p can*bc foyitcd. and by 
such loops without flu* use of ^lifwings, jj •Incomes possible to 
connect two or more active conductor in sbrjes by ^ trtie winding. 
iUe loop injhe luunopotar rtuchine does not itself join two active 
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conductors in series ; it is only a means by which this may subse¬ 
quently bordonc. It will now be noticed trial as rotation proceeds, 
the two sides of the lo4p change-their roh* # ; the conductor., which 
first serves as^ simplAumte^lor, itself enters thg field vcithin the 
^ir-gap and gemmates K.M.F., ftiiih- tfcc forntr active conductor 
Voitus a # simple connector. Thus there is’iiyvcr nfjnc than one 
active conductor at any ou^ time in each I*op. ami as the K.M.F. 
generated in each conductug is. always in 1 hi* same direction along 
its length, it altertuiUs in dirtiihn routui any 'cvmpltit loflp. The 
characteristic feature of the preceding Class Y i. is iherehy entirely 
lost, since the honlbpolar dynamo is now made to yield an alter¬ 
nating E,M.1\ Further, it now Unices immaterial whether u 
be the field-magnet or the armature that is lotted. 'Hie saiflr 
E.M.F.«s in either rase generated, and the former is t he an anceiuciit 



that has usually been ado|>ted in pi artier. In Fig. 9 is therefore 
shown a hymnp<dar m;fthme of type (-/) with a single relating 
polar projection N. and a stationary external armature woiim? with 
one drum hn»p. The magnet is excited by the coil H which may 
either rotate or be st at injury, and al one 4dc has a polar projection 
*‘ith‘semicircular ftfe betwee^ whtcji |ud the stationary armature 
f*ore tlii-re exists a string gwg^ftu fjrhfc The renTaining half nt 
the internal circle of the armature enr^ which at any time is not 
covered by lhe*poh forms a neutrfUspace throng which h w fir 
no lines pass. At ffhc othci’cud thf *-cond break or moving joint 
in the magnetic p^-uii <ft # S.^ia^as short a length <>f air-gap^is is 
found rcarticable, and the necessity for it is only rhieto the fart 
that it is mechanically ronveniorfl to attach tjic h»ops tf> a Stationary 
portion A of the ir*>n circuit.^ Tire lines yf the flux arenas it were 
taken out of fhe etui ^ thefnagnet) and so do qot cut the Conductors 
a ycond tiijie. Whiles he rotating field is sweeping across o$e side 
of the loop awi, and^erwr^tes an E^LF. In it, the qther side sin 
is a Simple coimector. But immediately afterwards 4 he inactive 
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connecting pioc<? will itSl'Jf fcecome active when in its turn it is cut 
by ‘the flux, while ab wifi cease to be active. As the field rotates, 
one side of the loop is arrive for one-half of (he revolution, and then 
during the othrT.half «f the revolution becomes a simple connector, 
or in general with cr ntmibrr of Ihups the same conductors serve 
cither purjueic alternately. A horiiopolar drum alternator is thus 
obtained when the end*' ad t f the cor^jdefi* loop are brought to a 
jKiir of terminals. 1 

The loops must have a sjwn at l.ast r'jual to the angular width*// 
the pole; otJie*ivisi- t/ieir would he no distinction always present 
between the win s whi'h arF active tor the firm* lning, and those 
which are mere eon iter lots. If this distbiei jon be not maintains (I, 
illhl both sides of the loop are allowed to be cut by the flux simul¬ 
taneously, tie- KM.Iv’s generated in llie two Mrles net in opposition 

O ir 



t ii. in lliimu^jol.ir iIim alh ru.vtiT of Class [ Li. 

to <stoti other, nr, as it i> termed, art " differentially* the net 
resultant K.M.F, being simply the difference between the two. 
Any such differential action i-* then-foie 1 detrimental to the full 
list* of the macliine. Foi die same reason it 1 is not ih'Ctdcally 
permissible fof the width nl the li«hl. eg, tviih a single polar pnb 
jection, to extend over m;Ve than hall the cirnimlrimco of the 
path traversed it ; i.r. the Neutral sjxice must fie at least equal 
in peripheral widdi to the prfl.fi’ project ion, f 

Fig. 10 represents similarly a iiowopol&r diy «uternaior of (fr) , 
type with stationary armature. Wliile tin' leading of the 
rotating field-magnet‘metes from 4 ! to 3, no line# t ravers id, and 
therefore no K.M.F, is induced in it but wluW>y further rotation 
the leading edge muvys from 3 to’l, ah d«rs not ii^tuntcut any lines 
itself, ?nd consequently the E.MfF. is induct'd only in fd. % 

.i.f 7. Hitopopolar dyiumoj (Clan typt,—Passing to 

heteropolar .dynamos of Class 11, in ihe fiist place those in 'fthich 
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the length of the active conductors b pJraUitU) tki *««»'oj robkon, 
ix. the [a) or axial type, will be considi&d. The fundamental 
rctive element of an ^mature of this 1y|>e takes the form of a 
# • straight conductor moulted o* an iron core with ifs Umgllf parallel 
the axis of rotation (Fig. II) • In r>*k*r \o reduce the inter ferric 
,'or air-gap jpace as much as po$!&ty<h the inutV # sur fact* >f the pole- 
pieces is bored out so a> to fijUow tM- path Ira versed by the rotating 
conductor, and the latter ts ipuiyited un a nditidricaJ iron armature, 
only such " clearance " living allowed as is rcquftvd from considera¬ 
tions of mechanical safety and satisfactory working. .There arc thus 
only two short ait-gaps, and the density under the pole-pieces will 
far exceed that uf anV si raying lines h«fw<«» the |* de-lips. He Aides 

♦ * . i 
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I* it r l| Simple •»* livi- «it«‘Lili-ril nl luli'lu]'i.hr rlyii.mms nl la) tv|* 
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its function of reducing the exciting ampere-turn* In a nummimi 
for a given number of line! bv shortening tfle length of the air-path, 

1 Be cylinder also **r$v> ;i* a >u|g»irtmt; >|ni«1ureon which the ac tive 
conductors can he secured. .When tin armature is the part that 
is to be rotated, and the iron core is a support for the wires, 

it must itself hi *otateil with them, allhough on any olhr r^roimd 
this is entirely ujjnffrcvsat v. • The problem <>{ rotating ^hc winding 
only round* a staiupiary ijon^orr has jjossewd gn at att rani ion 
for inventors ; the difficult ie» inherent to it have, hofcvvVr, proved 
too great, and tin* mechanical simplicity f!l rotating both core and 
winding has led to*its universal adopti<gi. Apart from certain 
secondary and mi ^nr # efforts which need not there be considered, 
th^otating pf the iron Bgs no effect on the field of flux. But owing 
to the insertion*of the tna i #ore the line* enter the core nearly radi* 
ally, rfnd are disjributed over the arc embraced by the* pole-piece 
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almost uniformly (Fig**t2). Upon the exact distribution depends 
thd shape of the curve;o! instantaneous E.M.F. In ord^r to deter¬ 
mine this, tire value of lfi<? ficid-dunsity in Ike air-gap or B § for each 
point round the dri:nm(ereiu:e of tlusarmat Jrc Core must be known ; 
at the font of hig. 12 fhisj» plotted from a starting-point in tlw 
centre of luwmtrrpnlifr gup,«cmd same curve to some other scale 
will also represent tlx*cnrv<* <if the instantaneous induced E M I'- 
lor one revolution af a constant spi of rotation (Fig- 11). If 
tin? density of the Imes we re sir inti y ui^fonn over the j)olar ate aVd 
confined therein tin if directions at all points being exactly radial, 
the curves of ilnx-deiu.ity ifttd of li.M r. would consist <j( a scries 
of deluded rectangles; but in reality the corners arc rounded 
** - off*by the existence of a 



weak field or 41 fringe ** of 
lines at each p« dc-1 i]> which 
is not truly radial, and the 
curve of induc'd E.M.F. for 
each half-juriud is flat- 
lopped with" sloping sides, 
fir inti 1 ;mediate between a 
sine, curve and a rectangle 

(Fig* 11). 

If the ends of the aclivt 
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Aojjle tofjwund rcond 
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. irm&UiTt Or am c»U« 
of tntorjioltr 


conductor arc electrically 
connected witlftwn collect¬ 
ing ring* fixed on the shaft 
anti insulated from it. 


Curve of Field D* Deity 
in Air Q*p. 

I' JC. 1U. I list ri I*u lion of firM m 
'-ii'gap nf lu ■ pr>lc m,«'tmii*. 


against which stationary 
brushes are pressed, the 
rich ten fury h(Up polar alter¬ 
nator is obtained, yielding 
an alternating difference of 


potential at tin? two brifshes u> which ufi external circuit can be 
attached, A multipolar 1i*U( is aly shown irt Fig, II, the* only 
change introtfiiccd thereby being that Jor ^given speed of rotation 
the number of alternation^ per second is increased in proportion to 
the number impairs of pole** * 

But the E.MJ\ generated In' one single conductor of reasonable 
length thus rotating in a fu\>l qf lygh density, And at as high a s 
speed as ><f practicable, is very small, not amounting to njvre than 
a few vofts at the mbit * hence id almost al^commercial Synamos 
there is a jmmhcr of actjvo ninductors, and thnr must be connected 
in series so as to ad<|up their separate small p.BJ.F/sl If arranged 
symmetrically round the armature core (Fig. 13) parallel to 1 pur 
. original conductor, at* any moment ehch ok the conductors moving 
under the N. pole has an E.M.F. induced along its length, In the 
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opposite direction (as viewed by an oSstiVr at t^thei er d) iroin 
the E.M.F, induced in each of the wires moving under I In* S. pWt\ 
as shown by the rros*fc and dot a in Fig. 43. 1 This ■fundament ;U 
* fact must be the guide lo any met hod by wfneh'tl^* conduct m* can 
•be conweterl together clectricalX - in a^i-eifil maimer. 

.* Two method* of adding togetfi^r ihw imluNive :ic!t»n'of .j pair 
or more of elements at o»re present llinnseUvs*; bv tin- first, eon* 
duet or 1 of l : ig. 13 is conneyed in series with anolhei conducts 
. stftrh as 2 f , Vhieli in the typula* machine is situated m-aily dia¬ 
metrically opposite m the other side of 1heV..n\ Uy the M-cond it 
is connected with another active eon«ltictor,2. winch is next to it 
nn tire surface of tlif? core or lies iiuiifcrli.iielv above it, and imdei 
the same pole-piece. * 4 • • 

$ 8 .^ 1 ) Drum winding. Tire first .n drum m<il*>d is identified 
with the name of ''Siemens.” In its cigfiplAc i>>iiii it was hist 
introduced in 1871 by voti Hrfiu-i * # 

AHcrufk as a modification of the 
original Siemens shuttle-wound :nma¬ 
ture, It is the simplest method, and 
consists in joining m lhe fafther end ot 
one active conductor by a connecting 
pirn: of wire passing across the* rlid 
of the core to the farther end of 
another conductor situated nearly dia¬ 
metrically Apposite to the first and 
under the oppositef>ol(-piea> (Fig. 14) 

The E.M.F.'s injured fh the fwo active cuOiluHuis will assist 
each other round the loop thus burned, being m opposite 
directions along their length ns Viewed from either end. Hie core 
now becomes, as it wePe, a cylindrical 'Mjmii." which /f 
necessary? he solid right down to the shaft. Hv bringing ili^wire 
across the near end of the drum, i.c. I*y the addition i»f a second 
connector, thel<x>ps may tic multiplied, ilif end of one loop forming 
tire starting-point t>f the nexj. Jt \vijj hr xmi that the winding 
At Fig. 9 is also an ii^f :m^i* a dm unwinding dh an external 
stationary armature, but a*: applied lo*a Jjnmopnlar machine. 

| 9, (8) Ring*winding. - The second or mrg nylmd was em¬ 
ployed by Pacinott) in 18f4), and Al<NJ ibed by him in W65, bid 
is also frequently jallerf by 4 ^byname of the Frenrfi elects :ian 
Grammy, 4 who reintroduced it in 1870. If the iron flore, which 
serves A guide the lines throngh’thc spa' ^ l^fwcen the pMc-phci-s, 

1 The marking of thr direction of currents or f M F.’» hy crossA and <lotn. 
According as they &ri a#iiy town or toward* one * frfjjnt of view, i» a useful 
co«rention; at is easy to Tjpcall if we <?>ns«ir.T the crot.* to reprr*ent«an rml 
view of the fe&tbon of a receding 4 tow, and yie UotV> reproseflt^itH ad va.ncip£ 
points 
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be supported at sonic distance radially from I lie shaft by me ans of 
an open hub or spider of sonic non-magnetic metal, Mjih as gun* 
metal, it connecting picra of wire ran he brunght through the inside 
spare between tju* core and the shaft, pav>ing between the arms 
of the hub ; by it the far yid of virc 1 (Fig. 13) tan be connected 
to the mar ir en<l «if £, the. wire next to it on the sin face of the core, 
and the whole ariungormnt is shown in the ring-wmiruz armature 
of Fig. 14. Witliout Urn iron core thi* jlux would go straighi across 
the gap from pole to pole; Uie„iruuTromt<vt<.r would therefore 
hr i nning lines as well as, and in the Mint* dilu tion as, the outer 
active wire, ,md all F.Jt.F. would or produced :n each. Tlu’se two 
K.M.F.’s thus acimg imnid the loop would *-pposc at!<l tend to 
n. utialize ea- h other, so trial the net F.M.F. would hi- merely the 
differeliee helween tile two. Hut with the ifoti Cote interposed the 
lines take a mote nr’Vs-, curved path through the mass <>t the jjon, 
as shown hy dotted line* in Fig, 0 ; and it the cote tie supported 
by a non rnagpetie huh very few lines will leak a< loss the internal 
nnhe space ; iniiv queiil |y I heir i> 111 lie i*r im I'.M.F. induced 
in the iutiei wile, which t Im- set vr% purely as acnndu< ring connector 
to sum up the IvM.F.’s product <! in lt», (w»> rximid active wire's, 
and dues not it It ^nt the lines <d the lit Irk If any F.M.F. is 
induced in the inner wire it is simply luiunfni, 1ml with proper 
methods <>l roust Million and light pfopoitinrirg . f the iron in the 
annulure core it brrnnVs so vnv small that it may be mgjectrd. 

It will he seen that this method really amounts to tlmudir.g the 
same wire through tin* crnlial hole, so as to [r mu a " loop.” and 
then winding a second loop of tliF same wire rowum«us and side 
hy shir with i tic hist. A coil of t wu loops is thus formed, containing 
two active wires mi the outside of the r«rt\ whose K.M.F.'s are 
added, together in series, and the eon* heeomes a 11 ring H over* 
Wound with a coil, whence the trim “ ring-wiudirft " atises. As 
before, lwr> ac tive rimdiirfnrs have been placed in series, and pre¬ 
cisely tlie same amount U tile surface of tke armature coir has been 
covered up arid rendered uyful ; and, therefore, two loops id the 
ring winding aVe the exact < qimalegt of one loop of the dnim. To 
both tin ring and the diutiKhe iron core is essential, but yt the rir.g 
t here ufe* internal rorduelhj^Mn he shielded froth ary inductive 
action, while in the drum all tin* winding is external, It is evident 
that in the rft'g the iwwess of winding the'wire ro$id the core may 
also be continued so as to form a coil of tliree or any larger jiumber 
of loops that may bv<Je*red. „ 

| 10. Simple alternator 'and onidirected-c^rent armatoet,- 
If the nirte cf E.M.F. imhieed by either the drum or,*rirg anargc- 
ment Fig. 14 be plotted, theta with the sstfue'field and speed of 
rotation the ordinateswill have twicc*tlpL' Height ihu they have*in 
Fig. 11 ; an£ if the free ends'of the loops ab be taken along the s haft 
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and connoted to two insulated collecting rjygs minted thereon.' 
we have the simple bipolar *' drum ” amt ’^uag aUermitor arm a- 
tures of 14. This taire also shows the curve of fc.M.F, acting 
it the brushes A and Z^.whiih lead'to the 
lhiuqgh which jhe luojfe have rotated 


9 duping one revolution a 
^tertial cirruit, the angl 


being reckoned as before irom jhe 
•midway between the pole-pieces, 
Foi a variety of purposes ;Jh 
alternating K.M.F, is incoA* 
vmimt or pt*rti\vly tisrlr-A ; 
yet, fhiin the nattyc of the 
dynamo* mider Clav* 11, the 
m< lin ed m each h»>p 
neci-v^arijy ullrmulhig, since it 
is prod find by tn^l cutting 
lines in one direction, and th*n 


nhe whgn they ;ue situated 



Druift Vf9aa{ Arwfttura 
• On* Loop . 


Ill tile opposite, by Cottl bill) ills 

rotation, and tlnrefoii- any 
current flowing tmd«t that 

E.M.F. hum iHfosinly Jh- 

alternating in the 'arruatuie 
conducto|s IhiiiiM’U'es, what¬ 
ever it may be in the external 
circuit. It remains to be 
inquired ho*' the alternating 
K.M.R of the armjtuif 1 
ran be "commuted'# nr 
changed to an K.M.R always 

acting in one direst ion in 11n 
external circuit. When vi the 
course of {ofat km the limp or 
loops arrive at a ■•nti.o 
position under the two Jmli- 
jiieccs, the E.M.R,i* a maxi- 
iium and colhs ting lingtf i>? 

say, positive; later, tfhrft*thc # J(»jps Jiavc turned through 90°, 
or have reachoil a position in Hi# gap between the poles, no 
E.M.F. is being generated, since rif |fnes ale beinif cut, ami they 
have reached t!w positi<ji obreversah Immediately after passing 
this pointf ring a tvift be jugal frr, ting b positive. What jsreqiUrcd. 
therefoif, in order that the E.HF, ut thjj brushes may yt always 
in the same direction round the external dicuit, is that the rings 
in contact with tl& springs or brusiies should be automatically 
reversed at tlTe instaift when the* direction of the K.M.R in the bmp 
is *?ver$ed, # so that ^should, now touch 2?,;ind b touch A • This 
is ea^ly effected by making a and b each half oi one and the same 



Ring ^ound A/m*iqre 
Two Loop* 



Tim# in Jffrati 
moved through 
•l coaitMt »pftd 
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Cum fcf KM P. 

I i«. H *\lterflAtnr arwaiuw with 
hvn ;i< liv<- omiincters in scries 
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split ring, the two halves being separated from each other by air 
or other insulating material, ami further, by so setting the brushes 
that they pass over respectively from a to and from S to a at the 
instant of reversal (Fig. 15). This device js the simplest form-of 
commutator, by '.difcji earlj brush «?,lways remains either positive or 
negative, as the ease may t><\ an<l therefore the current flowing in 
(lie rxhiJtnV uieiiit is unidirtfltd, although in the lo ps of the 
arrnaUiic it m If it is ^Ifr rnatiug in direction. 

A ring and a drum unidii'ected-4 izrii a nt macliine have now be?n 
obtained, and the rnryc <jf K.M.f'. at the terminals nr brushes A, B 
will he entirely above the hqnzontline {Fig. 1£). Given, therefore, 



Hinu wovrni Armature 
Perspective ticw 



Drum wound A/mMu re 
End view 


Volts | 

-^fimt in d?fl/c« njoMd 

0 !»’ W)’ through Hi coniUnl aprrd 

Curve of E Bd F , 



at the brudies ,f, U. 

Ik. IS, bipolar iIvimiiuh with Uvu aitivr * uudm Ion in M-ricJ 
>:*viuk a inlidiris trtl I' M |\ 


4 11 

two open etids of avmp or loops </ and b, tlkr satin- armature yields 
either an alter lulling nr,a unidiitxhd eyrrent, according as they 
are attached to a pair of culUvling rings or, to ono split-ring 

conn mil at or. « • , ' 1 * * 

* * » 

$ 11. H'tcrojpolftr dynamo* *Clau II) of the radial or ibi ty#L Hctero- 
poUr dyvaiuos ot the second or ifrurnup nf Class II, m illicit the length of 
the active wires is n/ light umj au^t>f rohi/Mf. seldom arc used in 
prat the, :uid there lore may W briefly dismissed, os of les* importance. For 
a dyi*»mo to Iwlong to Class 11 it is lutrssgry tji.it thc^oadnctors^should cut 
the same hint, twice m diHrivut directions A second air-nap must,therefore, 
be brought, mt'» the circular # p.Uh of the active conductor by breaking the 
magnetic circuit at a second place. » 

(3) f>i« ityiuinti;. In the ^rne disc heto^opoUr machine, opposite poles are 
of upposilr^ign, and the lines pass straight a*:iyss each air-gajj from one pole- 
piece to the other Thf method of conmxtms twifradial wires in series U 
then inborn the outer end of one active wire by £ connecting friece pasfcng 
roynd the periphery to th!b outer end of aubther arrive win* situated nearly 
diametrically opposite, under Wr <t-cond pair nf poles (Fig. 16), the loop 
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being cocnplrted, if required. by a second comyctor. joining tlio innerend* of 
two Active wires, so as to render a senes of amtiuutus i< h^»?v posable. It will 
be seen that the radial wires axe actually in thv» central' plane of rotation, 
and the peculiarity of the true disc machine is ituA it t« indifferent whether 



• • 

J ,4 |*J. 16.— 1 >!•**■ annatiif' wilts twn Hiiidit< I'ii in mtics 


through the aiT'tMp. MU' c ill* 1 two^j-jviMt* jn-ti .m l» . 1 <>m- together, 

only allowing sufficient tt*oiu fur tin.* unis to pa*s U-iwi-m tln-m. It win tv 
recognized that log. ]<> shows lhe s,mn- type of winding .4,1 applied to a 
homopolar mac him . 

{4) /h.ui»i dal or jiiiifing tihulwi: Hi*- wnvlinf *•! tin- diMind.d mat huir 
is exactly anJlogou'. to the ring •irmdun- <•! | u*. J-I. if m is imagined t«i In* 
flattened out until its radial di |*1 ii is gre.ih-i than H*» Irtiglh par.dlr-l tr* the. 



axis of Elation, an^ it suwiihs a diAoidal fuiii: iln* polar mitI.*.ck are then 
presented to the ends the cylinder instead of <*> its |>mphrry. Hut now 
a second magnet, M' (sfcown dotted, l lg. 17) can fee prrsrnl«| 1« the other face 
of the flat-nnpeorc,the jx>le%of this second magnet tving exactly opposite 
to those of the first Indfy the same sign. The Ime* will thus enter the core 
fnfn both slctes aJike, and will pa.^s in opposite directions round the afcnaiurt, 
to leave it wherf the sec&rtd s* of poles is presented to its surface, by this 
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mum both titlti of th« winding bcwnw active, a/ui the inactive connector* 
are reduced Ui tta ihort/jngAu of wire at the top and bottom of the core. 
The entire loop of the Sat nn« machine, although containing two inductive 
port»mu, alioold therefor* he regarded a» equivalent to a ungU loop of the 
ring, the linen of one field U:ing simply divided intp two portions, one on either 
aide of the core ' ^ * , 

V * 

| 12. Superiority in practical fmportanc* of the dnun methbd 
of winding/ Whih; the allow L>sjiif description of the hiur methods 
of winding, drum, ring, di*i and ijiv initial, is necc*<iry in order to 
elucidate their charAeteristic diffijx-ry.es, it remains to he added 
that except in special cases tin- dum w/nding possesses such marked 
superiority that it is'almost universally used in preference to the 
three other riieiliurK Attention may therefore he henceforth 
almost exclusively dilu ted I > the drum loop and roil as the impor¬ 
tant constituent of the modern dynamo. The formation of the cml 



l io in 1 iniTii armature with icul of three loops. 


of mapy loojis by winding on more wire is illustrated in the case of 
the drum by Fig. 18, which shows a bipolar armature with a roil 
of three turns, by which six active wires are joined together in series 
with a consequent mrrrrfse in the IC.MbY As before, the two free 
ends of the coil may be tak 1 u either.to a pair ot collecting rings to 
form ail alternator (as iii the dtagrmi >n th; left where one of the 
rings is shown of larger diameter in order h> be vjsible behind the 
other), ar to a ^plit-ring commutator (as in the right-hand diagram) 
and by nica^s of the bjushes a current, alternating or unidirected, 
in the two cast's is led into the ex-lentai circuity The ring and dis- 
coidal-nn^j Vdrtdings can be used without alteration in a mijltipolar 
field, but in the multiindaV drum or disc inachjnes‘thc nature of the 
windings requires that the angular.span of rtte loops, wliich is 
approximately 180° or across the diameUr in lhe,twtvpole machine, 
shouldobc reduced to approximately 90° iq'the four-p<jle (c£. fig. 
or 60° in the six-pole field, and so* on, lfc the ntnnbcr of poles 
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is increased the chord becomes shorter, which has the practical 
effect of reducihg the ttirva'urc of the coil. 

Thus Figs, 19 and 2&show the drum coil of many turn* as applied 
either on the outer silt face of an armature revolving within an 
externa! multipolar field, or to thv irmen surface of an external 
stat if jnary armature* sol hair the rc&mbUnce to a drum is to a great- 
extent loft. r Ineit^efcase^igiiii^jhe active surface of the armature', 
may he smooth as in L'lg. I9t (i), with^he win* fastened along the 
out side of the core, o f it may he with the winding embedded 

in slots sunk radially into \fie periphery of the Cure as in Fig. 19 (ii) 
or 20, where tin? coils'shown are adapted respectivdy for a direct* 
current machine and for ah alternator. From the fact that the 
s)ott<*l cirri* allows of a shorter air-gap a nil better mechanical 
[tfotection fur the winding, combined 'with certain practical 
advantages in manufacture, the toothed or slotted armature is 
much the most usudi, construct ion in both alternators and 
conti mi pus-current dynamos. 

The further consideration of the several modes by which coils, 
each of one or-morc loops or turns, may be connected together in 
order to increase still further the total K.M.F. of different types 
of machines, will be ^resumed in Chapters VIIJ and IX. 



CHAPJKti V 

w PKoi>rt:nox of anlClkctnomotivk fokci: 

* ' ’ r 

| 1. Tto Jawi and the catu&a of iodooed EJLF;—The theory of 
the induced 1£.M,F. of the dynanu/as presented jn textbooks has 
usually been based ;i<*roiding in the prbferenee of the author either 
on u line-cutting law or on r the rate of change,of line*linkages, the 
for hut being a concept which may bo crmwctwl I'speciallv with 
tjic work of Faraday, and (he latter with that of Oeik Maxwell, 
it is further usually stated that (lie two laws may he regarded as 
mutually convert ihlv, awl that either may be chosen as convenience 
dictates.* Although this is very largely true, it may be questioned 
whelhcf the matter is really so simple as is roimimuly supposed. 
So long as mily smooth at filatures were iu general use, no difficulty 
was felt since the theory of tU-ir action is equally well explained on 
either basis, but the introduction of the (oothed armature for almost 
all classes of ma^hiiw* raises a problem which calls for a re-examina¬ 
tion of the fundamental theory and possibly for its re-statement 
on somewhat different lines. 

Before proceeding tv discuss the validity of the two fows based 
on the concepts of line-cutting and of ralr*ol change ml linkages. 
r each will in turn lie given some further consider;*!ion, with a view 
to bringing out their essential natures,and (fif&'ivnecs, Cdtain 
suggestions in regard to the physical causes of an induced E.M.F. 
will then be tentatively put forward, the grounds lor which follow, 
and finally in the light of these suggestions a return will be made 
to lhf!>wu laws, in order to lest their validity and cuinnjlion. 

i i 

I. Tjik Link-cutting I-aw 

| & Movement of a body in a stationary magnetic field.— It ha* 

been shown iv Chafer }I Vhfct in the presence of a permanent 
magnet, electromagnet or current -carrying f'ondnctor the surround¬ 
ing space possesses certain.-ditfmotive properties.*,, It has further 
been shown that the properties qf the magnetic field of induction at 
any point may be completely defined by a, vector having a certain 
dinebn, magnitude and sense. ■* ' * v v » 

Let a straight rod or aivelcment yo small that it may be iVgardnl 
as straiglit, of any material substance, conductive or insulating, 
bo moved hi a stationary magnetic fidd (cp. Fig. 1 29). Three direc¬ 
tions are then concerned, viz., those of the field 1 , of (ho length of 
the moving body, and of the movement. (*) If all three coincide, 
no difference of state can b£ detected and no E.B1F. is induced 

Si 
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If two of than are inclined to one anotficr at some Ingle, a plane 
containing them is thereby defined, and two further cases then arise' 
Ether (A) .the third direction falls in the«plane defined by the 
other two, or (c) the three directions arc not in the same plane. In 
the (prnicr case again no E.M.F, is induced, and nothing ‘distin¬ 
guishes the movement from movenigut through unmagneti*od 
.Vpace ; it \$ t in fact, perfectly indifferent whether ^ic: magnetic 
field surrounds the moving body or not. Bug in case (c) an electro- 
meter applied to the ends the moving body will show that an 
IvM.F. is induced during the mivnncut, the potential of one end 
being raised above that of the other. 

The lcature whirti distinguishes th<? thitd case from the other 
t wo is that the body now dues not sinjply move hi the field, but is 
caused to ettt across the magnetic field, its length intersecting 
passing^ h wart the lines which as we have seen m;ftk the direction 
of the field. Tlie cutting action is at once^vndmd evident, if 
the reference plane is taken as fanned by the length of thT* element 
and by the direction «.f its movement ; g then by the definition of 
the third kind of movement the dirt cl inn of llie magnetic field 
must either He jk'fpewlicular to tluf above plane or have a com¬ 
ponent at rigid angles to itfso that the linos or resolved components 
of them are directly cut by the moving elemtTil. 

To this law there is no exception, and it inaiters not what Inay 
be the material of the body, whether it be a solid conductor or a 
UquiiWeln troIyte or an insulator. If the bAly is a conductor, and 
its ends arc rhdrjeally jointd (as r.g. in l : ig. 22) so as to complete 
a dosed circuit of conducting malrnal, past o f which is outside the* 
magnetic field, A nirreifi of eh^tiicily begins 1o flow uudci the 
induced E.M.F. and < uniiiuus to flow until after the (ondii'tor has 
cease'll to cut through the field, The conductor within the magnetic 
field may he appropriately regarded as having heroine active owing 
to the aft ion having its origin within its h ngtli. '* 

That the origin of Hie E.M.F. causing the tuironl is located in 
the length of the body moved across thcwiMagnetic field may fairly 
"be concluded froth certain elementarp rases, suc h r.g. as a single 
c onductor rotated in ^uniform In>mopoJui field (c^*Fig. H). It js 
true tha* until some more or less definite circuit is applied to the 
ends of the rctidiiciur Ihrough ait .Uiflirntmg instrument^ we can 
havr no knowledge as to whether iJime b any differ cure of potential 
between itsenfl^or E.M.F. if-mccd in if ; thus even wfhn an electro¬ 
meter's employed ifc*i1.e indicating instillment, ils c ircuit, though 
an imperfect one, is virtually*closed throiigb the eth*r between 
the plates of the/jcctrometer, and we only become aware of the 
presence of .an induced IJ.M.F. by reasofi of the chargihg or "dis- 

r ement ** nurrcnWthat flow-through it. Hence the effect of 
movement of the conductor cau^only appear in the circuit as 
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a whole. YtfL, in such a rase as that cited above, it » the onlj 
reasonable assuipptiorv'that the E.M.P. is induced in the moving 
conductor, since f?veryvhing else remains entirely unchanged aot 
unaffected. 

f 3. Simple triMUtkm of a vtralffct element (brooch a meynetk 

field*—The furKiamgntal ijlesi olf line-cutting to which reference 



will frulllrutl}' KlVr to' hr 
made may best hr illustrat'd 
by furl her irousidrral mu of tin- 
simple ease of a straight rlrmuit 
when its movement through a 
magnetic field is one of trans¬ 
lation only. In the previous 
statement the two directimis 
^contemplated as forming a 
reference plane were the length 
of the. element and the direc¬ 
tion ol its movement, and the 
direction of Ihe JieUl ivlatmlv 
to that plant decided the 
question of whether an P.M.F. 
was induced. But a plane ( 

normal tn the field is at opee defined by t he* direction of tin- 
tatter, and by. reference jo*;his normal plane, the case ran bd 
put in an alternative form. I-et tfti* Migtlf of the activq element 
yf£)be inclined to the diiectiim the fiehl at some afigie n (Pig, 
then the'projection of its length on the plane nominal to the field is 
(ul (Pig. 29 m). Next let the direction of the ttuAion Om' (Fig. 
29 ii)«be inclined to the direction nf the field at some angfu d, and 
let the projection of 0m \on the normal plane he (hn\ flien if 
these two projections ait and Om enclose any aftgle, the movement 
nf the conductor causes it*to cut across lines along its length. If 
the three directions coincide as was firsf supfksM in case (*) of 
§ 2, tht*prejections of tju' active conductor apt! of tty- directional 



h’u. SnnjiW tr.m>l,itl l r>n i>i 
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movement on the normal plane coinctdt a a point, and the con¬ 
ductor merely passes end on through the fie If the plane formed 
by the length of the conductor and the direction of movement also 
contains the direction of the field ‘(case (fr) yf § *4). the propelions 
# of th^ two former on the itormSl olane fall in one straight line, and 
df> not enclose any angle ; in this case ftther yle conductor simply 
link's up and down the lines, or itlmotiu.i is partly endwise through 
the field and partly sliding a!ang the lines blit no lines are rut cut 
either alternative. • 

!W when the above cxp.osjuffs are usedj d muM always be 
borne in mind that no question yf the a void nice of discrete lines 
by tile moving eon duct or is in reality 
involved ; the field is everywhere 
present in the space surrounding the 
moving body, and it is struct un less 
although it has direction. The 
appearance of separate and distiuei 
lines is only an accompaniment of 
Die pictorial representation of the 
field and is simply due to the con¬ 
vention by which the strength of 
tin* field i> indicated by the number 
<»f lines per square centimetre, 

I 4. lire direction of the EJLF.— 

When the length of th; conduetoj 
lies in the plane normal to the field, 
and it is moved at right angles to ijs 
length in that plane (Fig. do}, then if 
the field is directed as shown ini hat figine, the " sen** " or dire* hoii 
in which 1 he Of.F.aets alyng the length Af> is from the observer, 
so that the tme ^A is at a higher potential than the end D, .is 
shown by flic arrow' in the plan. « 

In this, the simplest ease of eh-etromagiiriir induction, it will he 
seen that the directions m the field, of ihe length of the active 
eJeWllt, and of the inoVetnefll 4fv all *t ilght angles ty eaell other, 
and form co-ordinate axts, ai indicated in ]K‘rsp<'Ctivr in Fig. 31 ; 
tint her. t he ftiri.vli^n of the induced K.XJ.1'^ nma easily remembered 
and diy oventl by means of the following rule. I*knc thd right 
hand outstretched yi toe fine of the active oouiuifar. so thqj the thumb 
joints aionf^ the ai'tlion of ihf field, i.e. twards the S, pole. fhtd 
further sodhal when fdative movement takes place ihe lines of induction 
puss across the hated from the palm to the ; then the induced 
E.M.F. is directed frmn the urisLto the ftps v) the finders (a* shown 
in Fig. 31). If will.b* found that, according to ibis rule, if it is 
the cynduclor which is nffived while flie field is^sl at ionary. the £alm 
id the hand nnisf face irrthe direction towards which ihe movement 
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is made, as in the casf,illAtrated ; but the direction of the E.M.F. 
would be exactly the fame if a moving field crossed the conductor 
in the opposite direction, the conductor itself remaining stationary, 
in which case it js the back of the liand which must face in the 
direction of movement. Or aga'p/bufh field and conduct o' may 
move in opposite directions ; but in all cases the lines of the flux 
must by the mov .went li aver* the right hand from *he palm to 
the back, if the direction of the E.M I*\ is to be found by the above 
rule. 

In the general case of Fig, 2», it is only necessary to apply the 
same rule to the projection of the actual length of the conductor 
on the plane normal to the field, liy the rule of the right hand, 
when laid nuts!reft her! along the projected length ad of the active 



Pro 31- -ordinaln axes of longtli of * «mi1urtnr. and dim lions uf 
movement and field 


conductor, so that I lie lines traverse the hand from the palm across 
to the back, the E.M.F, is directed from the wrist to the tips of the 
fingers. 

f fc The magnitude of the E.M.F., and its average and instant¬ 
aneous values. Just as the nature of the material 1 makes no 
difference to the inducing of an E.M.F. when the three direct ion^ 
are not in the same plifiie, so likewise it does not in any way affect 
its magnitude, A eruciaf cxjwrinjiiU in proof of this was made 
by Faraday whi n he showed that an iron wire and a copper wire 
twisted together, joined at one end and connected atrtheir other 
ends through a galvanometer, gave no deflection when the pair 
was passed across a maguetle Tield. * 

Che actual magnitude of thi; KJ5I.F/ indited along the length 
of the element considered is in all cases proportional*fca the rate 
at which the lines giuinft the strength of the jU a M are cut along that 
length. .The larger tin;number cuj in a give* time, or the shorter 
the time taken to cut a given number, the greater is<he E.M.F. 

The average rate of cut! it % to whiujf the average E.MJ 7 . is 
proportional is the ratio cjf the numb»r of lines cut in any time to f 
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the time taken to cut them ; so that if 1$ the tolal number <*«/-* 
along the length of the body under consideration in time /. the 
average E?Jf.K. induced between .the cnds«of that length is pro- 
• porti^nal to<D/(, or E 9r = ktojt, where k is some cotfr%mt, the value of 
which depends on the system of finds ar cording to which the fuld 
js mapped out in lines and time is |t^korn,*d. Oh jhe C.ti.S. absolul e 
system the magnitude of a lyiit of induct iun,i& so chosen that nm* 
line cut per second generaly the absolute Unit of elect 101 in iliw 
fofte, and A 1 is 1 . As, huwevyr, mat K.M.F. on the absolute system 
is inconveniently small, the practical unit of the wit is one hundred 
million times great<*, and consequently 100 , 000,(100 CG.S. litas 
cut per second produce one volt. If, therefore, <1> be inkomd in 
C.G.S. lines, and t in seconds, and /: is fo'br mrasiiml.^is is usuafc 
in vults (t A — 10* a , or 

- 7 x 10-" v.‘l!s. 

The C.G.S. unit line is therefore as inconveniently .small as the 
absolute unit of E.M.F., and a " kih.lrtie, 11 iijmvahut to UP C.G.S. 
lines, or a ** megalim" 4 *qni valent to 10 * C.G.S, lines, have been 
sometimes adapted as the practical unit of fluj^sojthat the ttuxts 
and densities nut with in dynamo piacliie may he expressed 1»y 
more manageable quantities. 

But if the rate of cutting is variable, (hi ii»(as in the ease of all 
phenomena which can lie expressed in trims of a lime rale) a dis* 
tinetion must hr djawn between its aveiage ami instantaneous 
values. Yo appr<*imatc 4n the actual nde of cutting when this 
is variable, the number of lines cut in a very slimt time must hi! 
taken and must be divided bv that small lime, until finally for 
complete accuracy the urftud laic of rutting at any instant is tin* 
limiting vgliib nbfained^when the infinitesimally small infliftbcr 
of lines cut is divided By 1 he infinite simally siftall time in which 
they arc cut, or in J^cibnijr/s notation of the calculus, the actual 

K.M.F. induced at anv moment ri - , 

• • • 1 

X TO"" Volt*.(6) 

$ 6. The magnitude of the E. 1 LF, l^Suoed hj n mfle translation 
of a element in .terms of the virtual cutting dength and 

Velocity m.the p bfrfr normal wo die field. -Returning to Fig. # 30 

rt-presenfifig a straight win* being 41* wd p<ir<d!d to itself across the 
lines of a uniform field, it’will be seen that "the plane containing 
I he length of the wire and the direction* of movement* is itself 
normal to the'ficld; a*ij that the direction of movement in that 
plan® is at right fingles tj> the length of the wirtv Let I be its Jbtive 
•length within the field in cm., and upon fhc line giving thfc direction 
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*of movement k( a len$h V be marked off equal to the velocity in 
cm. per second; then 1 the area in sq. cm. swept through in one 
second is ADD 1 A '»- tV. Hence if B, is the uniforrft-density of 
the flu* in the air-gap in C.fr.S. lines per cm.* the E.M.F. induced 
between the points, A t I) i* - <> 

c - BJ.V x J0 : * volt i 4 . h . (7) 

But in the more general ease of Fig. 29 when tin- three directions 
of field, active dement and movement are not all at right angles 
to eurli other, and considering tin 1 plane normal to tin: held as in 
§ 3, the* projection of the Vngth A <d the active element on this 
plane is l /. sin n (Fig. 29 i),and this value must be taken instead 
♦vf L as being the effec tive cutting length.. Hie velocity V inclined 
at an angle (i to the direction of the field may be resolved into two 
components V sin $ iv a plane normal to the field, aiid l l' cos /? 
in a pla'ue jsualM to the lim s of the field. So far as llie latter 
component is muctri tied, the movement \-> merely a sliding one along 
the lines, so that i>t is only the former component v T sin f) which 
is effective in inducing an E.M.F. In the projection Om of the 
dins !am of movement on the normal, let Op - r (Fig, 29, 
iii). The para^-ldgtam a dgc formed by thi* effective length and 
tin effective velocity is then the projection on the noimal plane 
of the actual area ADGK swept through in one second. If y be 
the angle of mrliiiutii u of l and r to each other, the projected area 
- • /i/smy, Over this area the full density Jf t In M>, and the 
number of lines cut per second is J1 t tv* my. Substituting the 
previous expression* for / anti v, tlie induced h.M F. is therefore— 

r! I.V sill rt. sin fl. sin y . X ll)‘ H Volts , (8) 

The K.M.F. iuducetl in a rertilineat element by simple translation 
tluxxugh a field is thus promotional to tlie virtual area swept 
through cm the normal plane when the length and velocity of 
the rectilinear element are projected thereon, multiplied by the 
density of the line* assumed uniform over that area. 

Such is tin: complete law*of flit E.M.F* induced in a straight 
conductor moved parallel to itseh tlnuugii a magnetic field, and 
the dose analogy of (8) w ; th the expression (3) pi^viousty obtained 
for the magnetic pull on *a straight current-carrying conductor 
immersed in a magnetic field will be noted. They may be put into 
sinfilar words as follows—- 1 A 4 

With Any position of the conductor relatively to the lire: of field 
and the line of arttrfn, or line of rm.vomen* in the E.M.F. case* 
either the projections of the conductor's length and of the line of 
action or movement arc in the same Straight line, or they are in¬ 
clined to each other ,at some angle otheiAhan 180 \ In theehrst 
case there'is no magnet ic^>ull acting 5n t*he conductor tending to . 
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move it in the given line ; nor is there any E.M.F* fhrough move¬ 
ment along the given line. In the second else there is a magnetic 
force or component of a pull along .the line iA action, and a certain 
•E M.F. induced by movement aiong the line of mdvjjnmt, rt’hcn- 
wr a"conductor is subjected to #inagr*tic pul!, the line of action 
aiong which the force is a maximum is at riglft angle*! <j the pro¬ 
jected length and in the normal plane, ;ptd it j> along a similar line 
of movement that the greatest K.M.F, is induced for any given 
inclination of the conductor to thejicld. 

§ 7, Ittll’i Law.- By comparing Figs. 22 and 30 it will be stvn 
that the direction of •greatest magnetic ^»ull is exactly opiMiMtl to 
the direction in which the conductor must be moved in order to 
give the greatest lvM.F. Again, by coifipanng Figs. <£l and 
rt will he # sevn that there is a eoin]x>neiit of the magnetic pull along 
a line of action which in Fig. 21 was choj.cn 6» as to be directly 
opposite to the line of movement of Fig. 29. Vet in bofy rases 
the current has beta shown directed simihujy to the K.M.F.. if. from 
I) to .1. This opjMsitinn of ilie pull to the nmvPjnc'it giving the 
on*. is cmluAlicd in the rule that fti del el mining (he direction 
of an E.M.F. along a givenditu* of action the rigfU hand is used, 
while in determining tlie direction <»f pull un the conductor the Ifft 
hand is used, Suppose that the conductor conveying a cummt 
from I) to .1 is free to move under the action of 1 he pul) ; 1 Jion at 
once it t^uls 1 ho lines of the field, and the iudufed K.M.F., as shown 
by tlu* application of the right hand, is from A to /); it js therefore 
a hick E.Jl.F. opposing the flow of the current. I'ltis is the case of 
the elfctfic motor. Whene\*r a confluclor is free 1o move under the 
magnetic pull on it, nr under some component of il, it always cuts 
lines along its length, and induces an E.M.F. so directed as to 
oppose the flow id cuireift to which this movement is itself jluc. 
That it mutt >o bppisc the ciirrcni is evident il wr consider trtiat 
would be tile consequence*. were it to assist the flow of current ; the 
Utter would bo increased, jhe pull would j*opoit innately mcnuse, 
amt the conductorw-«uld move with ever,inneasing velocity, which 
m^izrn would induce a continually inuiastug the same 

direction a^the rurrent ; this process w.ailri then go on for eVt-r 
until both t he E, jf.F. and current Wert- infinitely grea^. An indefi¬ 
nite amount of energy in an electrical fvrm would thus be obtained 
^without the expenditure rt an;* in contravention of tlic*1aw of yie 
cruiser vat ion of energy. * 

Next, ??t the current in A I) to* itself due to niovemefit of it 
through the magnetic )M ; that is, an E.M.F. is being generated in 
it, acting from p to A , and tjie &se is that of the dynamo or (Uctrk 
fcntraicr. The directiftr^ of movement must be towards thejeft, 
but the direction of thc'fo^e acting on the conductor, /lue to its 
’carrying a current from D to A, is towards ihe right, .and so is 
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directly opposed to ‘the movement which produces the E.M.F. 
Hence the movement of the conductor is resisted by ^ mechanical 
drag in the opposite* direction, and this fact may conversely hr 
used to dctcwiiiu the direction of the E.M.F. along the* length oJ 
the active wire. For, sufnosc a current to flow under the induc 'd 
E.M.F., lho directjon of the two being the same ; then this direction 
must hr such that there stall be a force acting on the wire opposing 
the movement which induces the E.M.F. hi all cases, therefore, 
of electromagnetic induction the dins.tion of the induced E.M.F. 
must be such that a current flowing under it tends by its electn - 
dynamic action to stop the m/dion which produces the E.M.F. 
Tliis general statement wa> h>nimlate(l by* Lena in 1834, and is 
laiown as %.cn:'s U*w. 

| 6. The F M F, in terms of the component of the fitpt-density 
normal to the plane containing L and V and the angle between 

L and V in that plane. -If it is preferred lo consider the reference 




Vie* from above the normal plane Pkne normal to "*ldand contaminfl l and V. 

vie W. c 

piano containing /. and 1* as in § 2, let £ and V hr inclined to one 
another at tin* angle y\ The area of the compile-parallelogram 
swept tluoiigli inline second is then ADQE -- /-Esin y' (Fig. 32). 
If the direction of U 9 is not at right angles to the plane of L and F, 
Jet it be resolved into two components', one parallel to the plane 
and the ottyr at ijgltt angles to ii Tim value of the latter <N^|n- 
ponent is cos a', where a' is rtie anghr between the direction of 
the Add ami the not mal tl^e plane of LV, and*( giveS the virtual 
density over* the area LV sin y' at right angles thereto. The 
induced EjM.F. is then- * 4 * 4 

0 U 9 LFcos a', sn y\ x lrf*" volts * * . .♦ . (9) 

The E.M.F. is thus from this* point of view proportional to the 
area swept thiuugh in one second multiplicity the component of 
the flux^lcnsily which is at right angles to the plain? of L and V. 

Tl^e equivalence of the twe inodes Expression (9) and (6) 
follows at .once from? the proposition s5*lid co-ojsdinate geoAetry 
that if is the area of any closed plane figure and A is the area 
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of its projection on another given plait, ~ /Loos a', where a # 
U the angle between the planes, u. the angle that the direct ion, of 
n normal \/> one makes with the direction ofM normal to the other, 
fn the present case if AG \$ the diagonal of jhe paraJWogrmn 
furmfcd by L and V , it is inclined to normal plane at the angle 
a whic\is the same as the angle between H $ and its component 
* jH-rpendictllar to the plane of j}\ irjd V, and the area formed by /. 
and V t viz.. LV sin y\ Vhen projected* on to the normal 
plane, is L V sii> y* cos a' — l 'Vjin y . Hence cos a' sin y' ~ 
sin a . sin fi . sin y. . 

$ 9 . Effect of wi^th of active olemeijt - In ih.* production of ;m 
K.M.F. by Jiue-cul t mg, any line of act it in fining two points A 
and D in a conduct fir may In considered, 
and this lint* need not coincide with the 
length "of the conductor, as tacitly 
iiNMtmed iu tin: previous cases, Et might* 
rg. be iuH-essary to find the F„M.F. 
acting across or slanting from one side th 
the other of a. wide conduct nr ; it uanild 
only then be necessary to consider a thin 
lamina within tlie ^nhstaucr of the ion* 
doctor and across it in tin 1 required direc¬ 
tion, and to treat it as the length of the 
active element iu the same way as before, 
by c.f projection of ft on to the plane l x<„ ;u 

normal ti> the field. 

Again* when IU" activg element has width, u\ AD iu big. 29, 
and it is required to fmd the K.M.F, at ting between its two cuds A 
and D, in strictness it viuilrl be nircy.ity to divide it mentally 
[dong its length into a number of very thin laminae lying side by 
side ' the^rfa traveled by any of these Would iu any time hVfjjun] 
since they move with • qual velocity in (he swum direction, and 
therefore with a field of uniform density tjie K.M.F. induced along 
e^ich would be cqu^l, amfthey may al^be regarded as in parallel. 
Ant if the uneodge of t lie whoh^ar w<*<%jyvtn# iri a fitbl of differi nt 
density, as in Fig. 33, where ftfc Amoving in a stronger field than cd, 
then ab will induce a greater E^LJi than cd. GmM^uently, 
unless the thin laminar* are electrically *i-paiatt d by si me insulating 
material, a curropt will ffyw n^nd tfic tar as a whole in 4hc dir (N't ion 
* shown by arrows* •The ca*c is introduced owing to its imporfSnce 
in the Manufacture of dynamos, as will subsequently afl|*ar ; it 
will only here beVWcd that the difficulty i$ overcome, if midway 
in the length of tile bar the*positions eff the insulated laminae 
are traasposeS by twisting the wjioje through 180*, so that t.g. 
thealamina which is ondhe right outside «Jge for half itstength 
»' reappears on tfie left outside edge : thtf.E.M.F.'s of all laminae are 
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thereby equalised, an^Lhiy can be joined in parallel by soldering 
at p the ends ad*, be without fear of any parasitic current flowing 
up one side and down \he other. * 

II. Tiijc “ Lisi: u LtkKAot" Law 

| 10. Tinu-TtrUtton of magnetic fhu linked with *r electric 

circuit. In place of a small portion of a possible circuit, let a loop 
forming a dosed cirr,uit In* considers i, a ml let it be linked with a 
certain flux 0*. 'Die classical rig* riihml* of Faraday then showed 
that if the flux linked with the loop be varied, an K.M.R is induced 
in the clos'd circuit, arid \\iat its* magnitude is proportional to the 
time-rate of change id the lines of the flux linked with the loop, 
the practical unit of th ■ C.d.S. electromagnetic system 

r » - y. HJc* x*i>lt s. . . . . . ' . (1ft) 


the negative sign indicating that if the linked flux increases the 
K.M.F. inducts) thereby is a hack K.M.F. so directed that if a current 
flowed in its direction, it would alwaysl>v its magnetic effect oppose 
the increase of the linked flux. This leads to the mle that if an 
observer is looking along the lines <( f flux in tliejr positive direction 
as they pass through the circuit, and the number linked with it 
increases, the direction of the K.M.F. round the circuit is counter¬ 
clockwise, 1 Tin relation lut ween the circular direct ion of the K.M.F. 
round tin- circuit as viewed from the side which tlie linesenVr.and 
increase<n decrease of their number is therefore exactly the opposite 
of that bet wee n tiie rotation and the forward or kaekwaid movement 
of a right-handl'd screw. 

If the circuit has several loops nr turns T f in series, and each of 
these T f loops were intejlinked with tile same flux, the lime-rate 
of change of the flux wilt induce the same K.M.F. in each loop, and 
the'total K.M.K may be written indifferently either as ~ T r tItyjdt 
or as - d(’T f . Hut ill general the same flux will not thread 

through all the loo]*, and in such a cast for the circuit as a whole 


-L 

i 


d$ l 


<Pi beidg the linked flux in“ relation to each limp separately, and 
any fractiop of a loop being laken into account, while T r need 
nottbc a constant. • * * 

If the equation he written c - tLY jdi X l O'*, where J»* is the 
total number of linkages of Bites with the eiveuit (any line which 


« • « 

1 A circuit being wow in view, Hu* negative sign is and bears a 

definite meaning, whmaa it would inappropriate in equation ft»), which 
deals sulci y with line-cutting by an isolated contactor which only potent-ally 
forma part o( a circuit. 1 * •• * 
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passes through n turns and so is linked n fimk wit h^t hi* circuit bring 
reckoned as giving n linkages),the E, M.F, is ftgtdt* to be prnputtiorui) 
to the timtr'ratc of change of the numbtr ^linkages. But when 
g tlie law is so expressed and N t ^hkii is virtually a composite «Vmbol 

• T t $ 

lor the number of linkages 2\*e employed (as in atnurst ’all 

9 ■ i 4 • • » * 

ia>es it mqy be), it imM he home minimi that it is essential under 
the present law that in any Kh^uu which an KAI.K. is induced there 
rnu>t be a turn-variation of <!>,. € lt may in exVeptinnal eases he 
possible for t Kc* number ol linkages 1 o be varied by alt elation of the 
number of loops in fhe circuit wil limit'alteration in the values of 
<Pj in thoM* which at any instant are pir^nl, and therefore without 
any induced E M. F. 1 , “ ' 

To tl*i Vinjul law ot elect r< magnetic induction Inset! on the 
time-rate nf change of tile flux threading through a cimgf, there 
is again no exception. 2 • 

| 11, The line-linkage lew. not limited 4o cate^wbeu mechanical 
motion ia absent- The above law tif^rlerlroiiagiirtfl’ induction is 
evidently cs]»cnaJ]y appropriate to the case nf tin- static transfwmer 
in which iiiechumcaL motion is absent, I'mWf this second law 
electrical energy supplied to a primary conduct injf circuit canjic 
transmitted Huutigh s]*uy to a sennit la rv conducting circuit, where 
it still appears as electrical energy, But ehough the rates of supply 


1 As in tlie experiment devised l<* t» st the quintion ami tried by A. Blonde!, 
iietidm, vol. T 1 **!. pp. 67 6/JI, rdMraCli'd jn Iifrfirutan, ])ih Julie, 
1915. Veil. 75, p. 34*. • # 


1 The ingenious <-xjH-nimin due 0> f.irl Jlr rjiij.- Ut<m> Amrr IJ:M' t 
vul. 27. part 11, p. 1341. and IMdndjn. veil. 75. p 55#, 16th July, 1915. 
with subsequent (i*rrc«portd4nrr) only contradicts the shmtrned torm of 
words in which the Jaw is often expressed and not its true meaning; it 
.admits of # simple explanation uj-m uhuh no K M J*. should In- expected 
Irom it. As soon as the spring ilip ill the original lifhn <if the exjieritnent 
touches the magm-t and ojx-ns, there are nr* longer two definite circuits, 
one electric and the other iftagnctu, simply ifllcrlmked. and the law in 
it* simple form does Aiot directly apply. Tie real connmum across the 
ball's of tiie clip is the whole of^tie niafciift noUhc skin of the 

np]*r part of the magnet Jiy more than the skin of the lower fJart, nor an 
imaginary ahurtostJme between ihe com act surfaces of tlic springs which 
would in truth m®Fe the linked flux profiteYi* 1 ’ 1 )' (Jef.rease. The section of 
the magnet then forms to all intent* and purimw* a setodh dowf clrctric 
loop embracing a «rtjftn amount of flux * By the operation of drawing down 
i the spring clips, this^ond Ibop i^forciblv thrust against and finally mtfltbc 
first loop ofr the clips. rlectriChJ continuity being maintained. The circuit 
thcreforejit the commencement of thuf drawing-off process is not simple 
one which emliracet>the flux original tv. but a composite one, consisting ol a 
smaller loop inside andl&irhing the larger b>op, and the flux which is supposed 
to be linked with the latter is really contained witlfln a convolution temporarily 
in contact with* the largg loop, All that is proved is that with two closed 
electee loops, tho one nisid* the other, aid the inner embracing flux, tly inner 
witlrita flox can J* wilh<V^Vn^hrough an openingMn the outer without the 
• latter being necessarily opened electrically. . 
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of electrical energy th* primary on tlie one hand, and of its 
development in the secondary on the other hand are erjual (under 
ideal conditions and apart from certain secondary effects), the 
transmission is usually accompanied by a transformation of the 
voltage, so that the voltage and current forming the factors in 
the two rates an* differcut in the primary and seconder system 
respectively. * 

But in order that, there may be any conversion ol'mechanical 
into electrical energy, there mu>t be actual mechanical motiomof 
one portion of the total system relatively to another j*>itiun, as 
called for by tin* definition of thiolynamo (Chapter 1, § 1), and the 
application of the line-linkage Jaw U in no way limited to caws in 
which mechanical motion j» absent. This is ?.hown by Faraday's 
oj jginal experiment, in which the increase or decrease of the linked 
flux was prf«luccd l -y the insertion of a magnet into, or Its with¬ 
drawal f/mn, a helix of wire. The change of Jinked flux which the 
law r presupposes need not he due to alteration of exciting current- 
strength, ImMiltv-rnativefy may he due to mechanical movement. 
In the latter case, the direct if..tof the K.M.F, is such ‘ lial if a current 
flows muter it, the magnetic pull thaf would arise between con¬ 
ductor and magni’t, or between tin two portions of tin* magnetic 
sysaim that arc moved trial ivdy to one another, will always oppose 
tlie movement. 


f 12. The two causes (A) and (B) ol Induced E.M.F. Now though 
each of the above two laws may he true arid may hold over a wide 
held or even universally, it thus not necessarily follow that either 
must be tlie best or only expression for the true physical cause of 
an induced K.M.F. When the analysis is pushed far enough, the 
physthist (mils that there is stilt much to be learnt as to tb,e ultimate 
causes. Hence evfti at the cost of introducing greater complexity 
and with it imrhaps a loss of lucidity, something more must be 
added from the stand point of tlie engineer m regard lo the 
confessedly obscure problem k of the 1 causes of induced K.M.F, 
Making list' of nit it leu i views fd ilretriuiiagnet ism, the writer 
believes that two closely rjdattd but distinct causKm ran be formu¬ 
lated by eithfl of which or ( by both simultaneously an E.M.F. is 
induced. Tlu*y are as follows-- t . , 

(I\). Motion of a material body through ihafcnetized ether, in 
such wis»* that the direction of nivvement is at right angles, or has 
a component at right tingles, to the direction*)! fhe magnetization. 
This yielvis what has been called a*‘ f motional M electric intensity 

* 

1 Sdt S. J. tUrimtt, " Keporton btectro magnetic Induction,'’ Trans. Amcr. 
IA£., vol. 38, piirt It, p 1495,.and \V. F. G.*Swi&!h, “ Unipolar Induction, 1 * 
Physical Rniuw, 2nd series, voi, 1$, p. 365. 
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at a point in the moving body, and a ttotifmtl E.flf.V. along any. 
line of action in it. 1 * 

(B). The .propagation of a wave of electric force from each add 
every' S P°* at which the flux-density B in tt\p ether is changing in 
•fink'.* When such a wave, prftcjcding with thr‘* a lonly of tight 
from anv and all spots at which there j? disturbance of the ether's 
niugnetk^fcitc, meets the whole ai;a portion of Hfrttie circuit, 
it is the £M.F. induct'd lh«*nin. Tlie cause is heir the rate of 
change dBjdt in the ether, and <U the K M.F, prided by it the term 
induced is sometimes Ciirifmwd.* • 

Tlie first cause (A) presuppose^ motion of fhe m;d trial body in 
which the E.M.F. is*induced ; the smhd or (B) process d<»es not 
ni’cessarily imply any motion of a body, although often 

tin- magnetic disturbance of the ether may be dm* tj> sfleh moliot* 
Tlic firs# is typically the case* of the hrtiTnjX’lar or hnniopolar 
machine, each with revolving smooth awnatun- *md stationary 
field-magnet. The second finds its most sinking example,in the 
static transformer in which there is no uMinn of any material body. 

If the 1 wo causes have Inm correctly difh rviiliaM.l and formu¬ 
lated, it is evident that the absence of any distnibuinr of the mag¬ 
netic state of ilie ethu' or clTange of the spacial Jhix-drmity in time 
in the former east: with a stationary field-magm 1 jfrevenis it fi^irn 
hiring brought under cause (B), and the absence nf mechanical 
motion in the transfornui uv prevents it fmm being brought 
under auisCjfA). It lyay, howivn, be thatliy widening or 
modification of the statements the E.M.F. of the run* class may 
successfully be t*xj>feui<*d a*' being due to the same cause as that 
which acts in the other class. In this dim lion the attempt has 
mostly been made to bring the static transfoi nirr under a widened 
line-rutting law by tlie ascription of movement to the lines of flux 
in it. The tyro causes (A*i and (B) must .tin lefojr, each in ttjra be 
further aftsideted. in ^rder to bring out tliej^ distinctive dffln- 
ences. and as a result to show 1 hat it is ijuesiionahle whether any 
true explanation of the phAi<s of the static transforms and toothed 
armature can lx 4 obtained on tig 4 ^upj^-Jion of ^moving lines of flux. 

• • • 

(A) HttrfON pv A .VfAthHIAL Bu^Y TkHOIJOH MaoNKTIZIvO 

Ktjteh # • • 

f Id. Hie “ dgiK v rf pkct^OOS.--Tfie properties of tjir magnetic 
•field cannqf attachthe*cmpty*pacc of geometry, so that Aren 
though Ordinary ponderable matter may be absent, they, may for 
our present purpflsoebc assigned to an all-pet vading ether. The 

1 No origin by which to judge of the relative movement of body and ether 
is stated or is needed, fdt j. season whkh, it is hoped, vill be made clearer 
in |*1S. 1 * • 

, ■ Cp. S. J. Bofaett, p. 1152. 
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progress of physical science may necessitate a radical modification 
or even abandonment of former theories as to the nature of 
the ether, but such possibilities of the future need not affect the 
elementary use of th^'conception that is alone required here. 

When a material body is mqvtfd mechanically through *a sta- r 
ticiutry magnetic field in* such a way as to cut across the lines 
marking the direction of the .flux in the magnetized Mher (c£. 
Fig. 30). there no deubt that t he reason for th<vinducing of 
the E.fttP. is to be explained as follows : hy such movement jhr 
electrons of the ponderable mailer ar: definitely carried across the 
magnetic*! state of the ether, jind whenever this is the case, a 
regular "drift M is given to them 1 along the length of the body, 
negative electrons moving towards one end and making it negatively 
' ' dunged, while a corresponding jnjsitive 

» \N/ charge appears at the other end. The 

only difference between an insulator 
arid a conductor is that in the former 
the degree of freedom with which the 
electrons can move is much n*strictcd. 
If the body is a conductor and its 
circuit is Hosed, as t.g, in Fig. 22, the 
flow of electrons becomes continuous so 
long as tlie motion lasts, forming a 
current of electricity. 

$ 14. Rotation o! a homopoUi magnet 
ot CUa* L i, giving a steady magnetic 
field which is tmilorm in the direction 
o! movement Before proceeding to 
tlie ortlinaiv In unipolar machine of 
class I, i, let us consider the case of a 
l>erri’nneut magnet, (hr shape of which is a solid of rotation, 
arranged as in Fijj. 34 with a conducting L loop connecting the axis 
of the mug net with its central neutral zone by contacts permitting 
the loop or the magnet to he rotated. 'When the loop is rotated, 
its electrons are moved though magnetic) ether, and an K.M.F, i* 
induced as shown by a current though tin* galvanometer, the rase 
being similar to that mentioned in § 13. But no^whorPth* loop is 
stationary, uud the bar magnet of circular section is rotated, an 
K.M.F. is induced and curreht Slows, although the loop is at rest in 
a nragnotic field which at each ppm! is # constauL in its magnitude, 
direction, and sense. Tlie state of magnetization of t£ic ether 
cannot be said eithei; th revolve or tv slant} still, rest or motion 
as applied to such magnetization^ being meaningless.* Yet the 
1 As explained bv Frof. O. \V. O. Howe, " Sqpc Problems of Electro¬ 
magnetic Induction/’ EUctr.. Nov. Sr 1915, vol. 7f, p. 169. 

1 Cl- Steimneti, Tfujij Amtr . I.E E .vo 1*^7, part Jl. p. 1353* and 
H. Pomcarip EcUiraf* Etfrtr., vol. 23, p. 41; * 
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sieel is being moved through magnetised ether and there is an. 
E.JLF. induced, The explanation is that thj? electrons of the steel 
magnet are being forcibly moved through th<region of magneti/>d 
ether whirfi exists within the magnrt itself; they scparalj,*, and 
*so far* as tin* dux passes uut^r^ls through the jtflar sides of the 
magnet and not from the ends, those ofVne sign move to each end 
«>¥ the majHjet. leaving the centre •npposfcdv dunged. u If then the 
centre of offend of the magnrt is cbnKevtrd*tu the surface at the 
centre of its length by a stj*fir»;iary external wire, a continuous 
current will flow. * • 

A feature spts'ial to the ahovr^iMse is that'the rotating magnet 
itself forms part of flie electric circuit, and the torque arises from 
the mutual force be 1 ween the two portions of the electric circuit 
which move relatively to one another. * • 

Passing to the ordinary honmpolar type of ( lass J, i a> shown in 
Pig 8, let the armature be stationary, ami lul the magnet 1>r,ndated. 
The piesimiption 8 then is that as in the preceding rase, the 4 'm iage 
of the eliiIrons of the magnet through tie- ether in ils magnetized 
ale will cause minute currents to Mow in the it on ;fs tin- magnet 
is brought up to sj>enl, and the** 1 currents will t ans, a n-di^ltibuiiim 
ot electric charges, so.that tflr whole pnl< -face both sides of the 
air-gap becomes, sav, j^isitively charged, and ih£ centre of Jhc 
magnetic circuit oppositely charged. The statu charges on the 
pole-laces then induce an op}>osite charge on tin- stationary rylm- 
dricat a*mature. The action of the machine, so jar as tin* production 
of a difference cd potential between the ends of the armature is 
concern^, is thus reversible, but yr this and similar ruses when the 
magnet rotate* 1 , WMise cauTie made < >f the stal ic sepal at ion of charges. 
When the potential difference »**t up thenbv is equal and opposite 
to the inducing E.M.F., the action ceases. It is oulv when the 
circuit is clos'd as in Fig. ft that a continuous i mreni flows, biU now 
the external circuit bcijig taken through the lyagnel must rotate 
with its brushes Ji ami A, so that again tin re is iclalive movement 
between the two portioifs of the electric*circuit, and the torque 
eventually falls on the iron mqgnd. , J # 

| 15. Horontnt or «th«iirisfr of the ether itself unmAteruh- - 
In thecas^nf a Jjpmopnlar field perfectly uniform in tin* path of the 
movement and perfectly constant, rest or motion cannot be pre¬ 
dicated of the jnrft of the field. *T11*- question of whether they 
> move with the magnet rotates or remain station*^' is 

onlv aslitxf owing to the convention bv which the magnetic field 
• • • • 

1 Tbc writer again the abovctjuoird yrbcli- liv Prof. Howe, qu i*. 

• Although ijpt, so far as the writer is aware, indisputably proved nor 
indeed easily susceptible •! a clear experimental proof. Any testing lead, when 
catTtpd through the rotating magnet to the far end ot the armatun, itaelf 
becomes the sea* of an iMuced E.M.F. * , 
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is P&orialiy represented*by discrete lines of induction: one is 
led thereby to argue is if they could be labelled and identified, and 
would then be found to be either attached to the iron*faces of the 
pole-piem or to the armature, whereas the magnetic field is 
structureless, e m * % 

liuf this granted, the question of whether the ether itself, in 
contrast lo*'ts magnetiz'fl state. fakes or any rotation qv is at rest 
lias not been dispjscd of, . It has btjrm tacitly assumed above in 
§§ 12 am! 13 that tin: ether is at.rest and rut through by the 
material particle* of the conductor in the first case or of the iron 
magnet in the second <:a*r. But now it will hi; noted that if the 
ether rotates with the rotating conductor and at the same speed, 
the pole-face will, as assumed in the second'case, become charge d 
♦.nil again induce an E.M.R in the circuit of the dosed conductor ; 
if (hr ether rot ales with 1 lie rotating pile-pieces, the E.M.F^becomrs 
induced in the e« mount or as assumed in the first case* and calls lot 
a similar charge on ihe pole-face, while for any intermediate speed 
of the ether, the K.M.F. in the conductor will he due partly to the 
first and par!Iy to tin: second cause. On all three suppositions, 
it may reasonably be assumed that the te>ultiug Ii.M.1', would be 
identical. The consequence is that u/. experiment on tin* lines of 
Fig. 8 can afford any information as to the movement or otherwise 
of the el her. Without entering into the question of relativity and 
a deepT analysis of Ihe physical and philosophical ]>roblems 
involved therein, lhe view taken brie is that the physic* of the 
ether for the reason stated above* become for our purpose immaterial, 
and therefore under cause (A) no definite statement is made as to 
whether the ether in its magneto* d stale is stationary or moving. 
In either case there is m the dynamo movement of a material body 
through magnetized other, because there is relative movement 
between two portions of the combined magnetic and electric system, 
amhh the end between two portions of the electric circuit', although 
the torque may by the mechanism of the ether be transferred from 
the latter to the iron. In any actual experiment, Fin the equation 
c -- ULV finally turns tmt^tn be. tlig relative velocity between two 
material parts, and t tic induced pr^ssn^o as c measured, being the sum 
(or difference) of an electromagnetically and ai\ electwwitatically 
induced pressure, is independent of the spvd of tlic ether, fn any 
explanations or calculations* oh an E.M.F* th;ii may be required, 
thCfCther c£n therefore in all cases be assfcmcd^q he at rest. 

| 18, The linmutting law as applied' to came (A),—C^usc (A) 
include‘‘(among others as will bh seen laterJ ay casts ol smootli 
armatures rotating in a^heteropdar or homopolar field due to a 
stationary magnet system, and to all these cases tlu* line-cutting 
lav applies. Its immediate applicability tod fie case of an armature 
rotating in.a stationaiy hctcropolar fidd u <evident\ It is equally 
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evident that it applies also tu a smooth aVu&Hirc notating in a 
hmrtopolar field when this is due to a stat ionai^' t field-magnet systen^ 
and is not tftiiorm in density in the path oi tjfi* motion, t.e, in cases 

# where the polar surface is hrokqp up into definite.polar projections 

of filename sign and the armature^! so ^.’sired, can w truly wound. 
The linHtutting law may also be extended to the sm<*jjh armature 
fotating inV statioimy homopolar fiyld-lnagnet fti winch there are 
no polar injections am! in * which the fluxVlen-'ity j> perfectly 
constant and uniform m the pSth'o^the movement. It is title that 
nt this latter rase it canilof be asserted tluU tin- flux, wild her 
in the shape of disen^e lines or a**a stuff tun-less slate, stands still 
in order to he cut bji the rotating conductor. Hut the essential 
idea being motion at right angles to the direction of flux as causing 
an K.M.I\ at right angles to both, there is hut link* objection tu 
" Ime-cufting " upon the arbitrary convention that the lines of the 
stationary field-mag net are attached to it * ind stand still •with it* 
provided that it is clearly borne in mind that the liue cuusP is flic 
motion of the conductor through ami 4 at ligfft apghs to the 
magneti&*l ether. • 

(It) Tjik Propagation of aVavj; of KucrKurfoRn-: my KkaSon 
of Chanuk in thk Mai.nkuc Stajk of tiik Kiukr • 

| 17. Tift line-cuttuig law under causa <B).—Ihit it must not he 
supposed that the truth of the line-cutting law as a quantitative 
expression ofcthe Iv.M.1*. is eon lined to eases under eause (A). We 
therefore pa>s to cons in which the «:m-e of ihr K Ml’. is to be 
found under (II),0410 the first of these is the iuse of itie station;*!}' 
smootli armature when a ficld-magrn t which is eiihrr httciopokir 
or Initnopolar but of non-uniform fhjx-dnisiiy in On* path of the 1 
motion, revolves about ifc Under (]f) the c,»u^‘ of 1 1m- is 

dBjdt, am^tlfis rate uf change mud be oiitdrl* n d fur each in 
relation to the ether pivmcat ing air and non, and not in relation 
to any unit volume <•{ irop in wliicli, as it # ninves t H may perhaps 
rgnain cons Uni. » a 

«( 18 . Movement of ft steady tna#netic*flft)d which tenon-unilonn 
in the Wd^ of the movelnenf aa^ cause of E.MP. in a stationery 
conductor.— Ret#ning to the case of 4-'igVld, let tin: pole-puces now 
Ik.* of finite length that at the* edges l he strength of the magnetic 
field must tape* off, or,,to slifi fuilhet, let the fold become 

* reversed ii* direct1<?i owjrjg to the presence of a second paif of 
pole-pieit* of opposite j>olanty.« Let thr^inducing elcmqpt be at 
test, and let the poli*pieccs be mechanically Vwmxl. As the pole- 
pieces move, at their edges and especially 8t the centre cifton inter- 
polar gap the*ether lflh^crgocs a magnetic disturbance which pro- 
grebes in space, with t^Vm^tiun. Thereby a.wave of elcdrk*force 

• is propagated *with the velocity of light from each* centre of 
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disturbance opposite rh idterpolar gap up In the pole-centre, where 
the two waves reinforce one another and produce a maximum electric 
furn- in a direction n\ right angles to the magnetic fid<f«and parallel 
to the slationary efrmerit. When, therefore, the centre of the 
pole-pieces jjasses the stPtiniiar'y element, the laltef experiences 
the maximum induced which is primarily due in action 

elm-where owing to tin* field dot being uniform, hut tajH-ring or 
reversing in the int**qx>|ai gap. When the armature'is smooth, 
the waves simply result in a dfttiifmtion of »• ter trie force in the 
sfKiee between the poll's and the armature and m the stun nm< ling 
sjxice, which ft constant and irmvrng with the poles, The conductor, 
being stationary, is not < lilting through magnetized ether, so that 
the source of the H.M. F: cannot he looked for under cause (A) by 
its delmiliriji/ The magneti< state of the ether in which it is 
immersed ft, howrvr, progressively changing, and this dwtiging 
Me of m«£n<1i:nt\»n dor* in fact tt averse anovs the conductor, 
so that tin- line-cutting concept has m<-uning as applied lo the case. 
Owing to the field bring non-uniform in the path of the rotating 
field-magnet, the vector dinning it varies at each point of spare 
as movement proceeds, hut since the field always jemains similar 
to itself or cnn-da'Vd, tin* victor system allhodgh occupying different 
prfdtions m space, remains otherwise unchanged, and may truly 
In* said to move at the same sjurd as the pole-pieces and nit the 
conductor trausversc'y along its length. With this limitation then 
to a constant magnetic field which i> nmTmiiform i.. the path of 
the movement, it heroines legitimate to sav that the magnetic 
field moves with the poles, although the magnetic state at each 
|H»int including the position occupied hy the conductor is more truly 
conceived as alternately dying away and growing again. 

It must how he laid down that in such a case of a moving non- 
uniform field which retains under movement its eourigvration and 
the lengths of path of its tlux-liues (when so represented), if any 
loop is formed to embrace a part of the Jlux, the total effect of the 
wave of electric force frem the changing magnetic state of the 
ether, as it meets tire two staU 1 * <»f thV stationary loop wherever thtsu 
am situated, is precisely equal tip the algebraic difference in Ihe 
rat es at which the t wo sides ofa he h lop are cut by ti.e lines expressing 
the density of the fields in yhioh at the moment they are actually 
situated. That this equality must t hold and that* the line-cutting 
quantitative law in the above forhiremains true^althougU the E.M.F, 
is due to cause (B), is supporledr by consideration of the c ase of a 
horseshoe magnet with a conductor in its aii gap, when the whole, 
including the conduetdr, is moved bodily tnrough space. The 
circuit of the conductor can be completed^ a loop, of which the 
secoirtl side can lie arranged so as to Ijc virtually putside the'field 
in unmagnetimi air. There is no net E.M.F. induced in the loop. 
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yet the change o i the flux-density in the tHhtfc through wliichTho 
magnet is moved especially at the edges of the air-gap will from 
cause (H) yield wave of electric force anti an FjAl.F. in the conduc¬ 
tor in the air-gap. The presumption then i* i)mJ u is cx**llv 
balanced l»y the K.M.F. from cau-ii (A).jjue 1*> the fact that the 
conductor i:* being forcibly moved through ether Uiat is magnetis'd, 
ut’tJie spot Vhere it is situated, ft? lluYefotv, tminimi«a n- 
nutins stationary and tln-re »s a no Midi balamfyg effect, there is 
left *u K.M.F expressible as a vale of cutting flu\-line-, although 
it is now the varying magneri/ed >1ate of thc.riliii that is cut 
lliiough and not the rjhcr itself. • 9 

To distinguish the pjoNcnl eaM* tin 1 K.M.F, due to it will he 
(criihd '* quasi-molionid." • 

| 19. The connection between the “ rotational* E&.F.’s ” 
above considered and the mechanical force on the conductor. In 
all the case> above mii-ideied (lie E.M.l'W Vluiln i piurly*” mo¬ 
tional" under cause (A), «i * 4 ijiiasi-niol ional" and indmed ifhder 
cause (It) as having their phy-ica] origin in WHIM nUh< cthrj. may 
he grouped ti-gi tju i as "rotational EdM.K.’s," and In ih«m the 
line-cutting law applies. * 

It will nnw also w n*tiM-d that ihioiighi lit Iln^ffbpVe • uses I hr: 
rotational K.M.F. f«»r a given speed ol uiei hruiic a! inoVemenl » 
a simple linear fuu'lioii «f the flux-deusity :n whuJi lhe conductor 
rs actually situated at each moment. So ab r *is the in* < hauical 
force mi ftie r*nrhi'1'«j h* a given cuin nt. The one i-> lh<itfoir 
proportional to the other, arid it is by reason of thi-, fai l lhat the 
late of alw-rpl ion yf deve|pprnriit« iif mechanir al energy »r Me 
curuIuit'V as a dynamo or motor ■ an be 'quni<d in the iatr of 
development ot absni prion of ch-ctiical energy tn it. so far as the 
rotational enters a*a factor . 1 The esiaMisltim-nl of ijiis 

funda merit a^ri Kit ion as required by the pi inn pie of I le-■ '.user vail on 
of energy is as follows, o • 

When tin Conductor of Kip. 'in is merliaiijc.dlY moved fowaids 
tlie # left with velocity v cm. |*:r sen, ajnl the K M.l\ indeed 
in 4 is C UJ.v >: 1<J‘ K Vul1s,*let > hir*llje lUtrelil 4i» aln|>eres 
flowing through it under•lliis* K.M.F. when its oo ml is closed 
as in Fig. A. T& rate of di“Vrlopu*j}1,nf eleetiital eJlcigy i |1 
the circuit is then ft — li t Lvi :< J0 H watts. ].»ut tiif condfn lor 
is acted on by a fr>rce F - ~ X fb-f dynes teridingtfu pull it 
towards ilie fight ; •fliis forge is overcome ihioiigh a distaim % 
in unit tin$, sothal tin^ hauical energy has tobeexj *t tided in ijjovmg 
the conductor as a tlvmuno at the rate of 7n*ergs per second -- 
RfLvi x 10 -1 ergs per ^ ond /f^,t'i x ]()’* Walts, whir h isiihuitical 
with tiic expression for tfcc rate of development of electrical energy. 

• ® * • 

1 The bearing of ibe lattearkvffo will apprar ivhen the c asc of t^c toothed 
■mature u couiidcred. 

♦-I**}) 
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Or again in the 4We general case of Fig. 29 the E.M.F. 
induced l>y movement of the conductor in the direction Om ' is 
B § LV sin o.sin p. sin yX 10*). directed from I) to A. If thia 
produces a current of i amperes round the circuit when, closed, the 
conductor is acted on by a ma^iet tc pull, F fi 9 l.i sin a x I0' 1 in 
the direction OM- (Fig. 21). Hut it is only the comjiment of F 
along the line Om' which resists the movement, ami this is equal 
to /** sin fi . sin y. ‘Tlie product of ‘the resistance nvei jonii: and the 
velocity V is therefore It v LVi sin U , sin ft .sin y X Id’ 1 ergr- per 
second HJ.Vi *«u a .sin ft , sin f x 10 M watts, which is again 
identical with the tali* of. development of electrical energy. 

| 20. Can the line-cutting concept be extended to other cases 
under cause {B)p It has been shown that tin quantitative hm- 
cntling law affords a rminu ting link betwei'n cause (A) and the 
qua* i-i notional reus in which the cause of tie- E.M.F. tails under 
(H), And 1 liis fact, i-vVn if it stood alone, bears witness to some 
real and close connection that exists between the two causes that 
have been d iff -rentintftl as (A) and (H), ami t•> the undniibted 
probability licit at hot tom they mild In* traceable to some one 
more genet at i au*e. It lias llnTefnf* 1 next to be examined whether 
tin? linc-i uttmg'iaiv can also be extended t«t other cases which have 
£i far bn‘ii placetl iufrJvntiaHv under cause* (H) in is|H-cial to the 
sli iking case of the stat ir transformer, and to t In- toothed armature. 

§ 21. The lin*-mtting hypothesis as applied to the static 
transformer. To explain the cases of An induced* E.M.F, when 
mi'dianical motion i* absent on the " line’lotting " hypnlhois, 
it remains to a*.>tgu Tiiovi inetd'iu *'jsicj* to the, field as mapp'd out 
by lines of Ihix, such movement arising from variation of the 
exciting ciureiit round an electromagnet or ring erne to which the 
field is due m to variation of the ciiiTr.it in the circuit itself which 
is under consideration. The t henry based thereon is then as follows. 

When a current stmts to How in a conductor, the magnetic field 
surrounding it has to come into existence, and the growth of this 
field is assumed to take place by a process, of closed line-curves 
or flux-rings (sibIras t,htAe*uf Fig**. 2, 3, or 4), expanding nutwxrds 
from a point in the central axisbf the coliductnr or from the centre 
of a uniformly-wound toned, like the i uvulariripphs caused by 
the ilrnppmg of a stone injo still water, and cutting tiro conducting 
circuit asrthey expand. As tW ripgdinrs first framed expand, new 
ones start and take their place and themselves in .turn expand 
outwards. Whenever. the excising current increases iifc strength, 
the newer flux-ring* drive further outwards»amH closer together the 
initial flux-rings, so that the field*becomes denser, it. increases in 
strength. When tire exciting current is decreased, all of thri flux- 
rinjg coni met inwards, and some disajjjx'ar by absorption s*t the 
centre ; ‘they can never be broken or opened, t>ul disappear by 
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collapsing tu a point. Tin* magnetic lines ^re thus* regarded as 
behaving in fart like clastic rings strrtchc-d outwards t>y *tune 
internal pressure, and when the- an rent diminishes, being unMip- 
jjorted. as ii were, to the >amr tAti nt by the -f.dlnjg i uncut, tin y 
VoMap-* inwards. i, * 

'Hie explanation i-i tin 1 induced J - M.f, tlm» appears complete 
and ronstflhat. Hie expansion urf<|>court action *f the Jhix-ungs 
oil tin abo\^view may couv* .m-nlly hr applied i.< determine by 
the hand nile the dilution of ;«i k M.F, in a circuit, am)especially 
of a olf‘induced F.M.F, in a p- tie n t «f a cii.uil, Vvm when there 
i> no exact knowledge pis to tile p.iVhs ul jhe lines and the putts ot 
till circuit cut by Hum. In Mich cases some assumption which 
apl«ars the most natural must be made. Muir than this, given 
complete knowledge o( 1 1n- stati< magnet]* ijuuliiies iTi«- circuit 
linki'd with the electric <mirnt, the sjurcl ol mnyinnil of the lines 
can be predicted and has mathematical until. ♦ 

f 22. The objections to the theory and the alternative view. - 

Vet a> a physical explanation of the real mechanism, a difficulty 
remains. The velocity with whuli tint flux-rings nnisi xpjjng out 
ir mu the c**mhictor and travel is not a lixrd *|W.inhly d< pendent 
on lie specific propi Mh-s id that medium m whud^ln y stait, but 
vaii-s with the quality of th<- whole ol the magn* lie i :nuit svbi*4i 
is to be filled with tlnx. The analogy fioiu wuw-motion due to a 
stone dropj* d into still water is tlu i ehc«- illusoi ^ Fn*m the kinetic 
energy p*fc*ses^d by the stone when it meets the water, the vch*c »iy 
of tin initial propagation of the wain waves is definitely delii- 
minable hf bydiomyihiam*^ Hie*aw wnli*ail any ptioi knowledge 
of what they may subsequently meet wuli ;t> liny pi ogress fn.in 
p»int ti> point. And so also in the case of sound waves proceeding 
horn some source, but wlmji may in tln i ii ptogjws pass (tom nin- 
medium to gualher. Whereas the at wliii h lines of finx'ili’ 
sin-il off by a growing current and pass through ai interveiling air- 
gap, say. loan imn cure, will be differ cm lr**m the rate if the iron- 
c*»ic bo removed. There 1 is, in fa* t, no pitlepciidt M evidence in 
physics for the supposed mo\ rim«il of (homines, 1 *o fhaU it dues not 
apjn ar that their Velocity Am he r]i ,i rmined apart fiom .i kiiowtalgc 
*>f JH.Jt ovef tlie aA*a of the ar< uit. J'hisjs virtually to know the 
induced K.M.F. so that if the view hi re put f<*i wind ilcumd, no 
additional knowledge*is brought to flear <m the drier ruination of 
(V E.K.P. \ . • 

Tin difference from the preceding r.|nasi-j notional case ij § 18 
is that even when tile configuration of tin* magnetic field remains 
the same, as f.%, circular lints rvund a straight wire, their*length 
changes with their supposed movement, and it thm appears to 

1 pinuld out, by Frit# c'rrufe in an article oil tin- M {nrlu'Uun 
t » Af.. vert, 26, p 997, tf, 15th Nov. 1908. 
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be truer, physically, t£ iiiiagmc lhe growth or decay of the magnetite 
state which is described as a flux, as taking place, so to speak, in 
situ in its original paths. li.g. in the case of a uniformly and closely 
wound toroid, it i> not difficult and port taps even simpler to regard 
the denseness of the magnetic hit ate as growing or dying i_way in 
each infinitesimal circular ring within the coils without concentrating 
attention on a partimlai valin- of // as moving inwards and oiii* 
wards with cmi-ii qurid alteration t>{ the length of pav'j over which 
it holds. The closely allied ruitumof the phenomena is, however, 
botne witness lf», if the stator winding of a polyphase induction 
motor nj ijie at mature reaction of a ]>o|ypliase alternator be cou- 
sideied • by the addition of two or more phases, an effect fur which 
the explanation in lie- uise of a single phase must be sought under 
tIn: piescni section can be made to pass into the quad-motional 
calegfity. 

Finally, the it'fore, in cases such as that of ihe static transformer 
when* tin 1 change «,f flux-density is due solely to variation of the 
exc iting cuiivnj, according to the vie w here maintained, the wave 
of elis tiic (on" summing up the whole elfeet of tiljJM over the area 
within the primary roils meets primary and secondary, and is the 
K.M.F. induec/t 1 theiiin. Its value follows the change of B prac- 
trcally instantaneously, since the vdodly of projuigalion of the 
wave is 1 Kal of light. Mivhunical motion being absent, it will be 
called a M transformer K.M.F. of the first kind. 1 * 

§ 23. The toothed armature. The extension of the line-cutting 
law to explain the whole of the K.M.F. of the toothed arnurture 
rotating vs’itliin a stationary fl ld ningin t system by ascription of 
movement to the. lines of flux is made in much the saint- way as 
in the static transformer above, considered. 

For a given flux 1 lie K.M.F. of l lie t otaling toothed armature (when 
minor pulsations arc neglected) is the same as thnt yf a similar 
smooth armaturu. The virtual equivalence of the two would best 
appear itr the case of an armature having a single conductor em¬ 
bedded in a dosed slot or tunnel dose to the periphery and rotating in 
a honmpolar held uniform r.\ the. path of the motion. There w t >uld 
then be no minor pulsations to confute the issue. But as explained 
in Chapter IV § 7, llie.densities within the closed slot or tunnel 
and In the iron beyond it would be as B, : B t , where B t is only a 
very smaty fraction of ZJ f , say,‘ t(IJ and but little huger in proportion 
tf> B 9 in ihe air-gap. If, then-fore, Qic conductor sweated in Ik 1 
weak $cld of density if, is to yiejfl the same E.MF. and for the same 
reason as the conductor on the surface of jhe equivalent smooth 
armature, nothing is easier than 4 o assume'that the lines of flux 
snap across the tunnel against the direction of rotation, yielding 
an Increased relative velocity V t which £b far exceeds that tsf the 
rotating hr mature that its product wSth B t is equal to the product 
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of B t with the peripheral velocity V of ihc a^nature„or V, B a = 

V . B $ ami = V 

**$ . 

As quantitatively mie over a ^tooth-cycle <* any tractinu M a 
iu(ith<W'lc ( no exception ran be 1 -.ken the above supposition 
(.1 an mcro*-d relative velocity of the lines, but to its m»h as ;i 
physical exfoliation there iemails 3 fuLft objoctlhJi. Tin* exact 
brlWi.ru the ]aicS <rf development or absolpfiotl oi 
elecUiial amt nuvfiamcal energy iieri^naiiio i.r motor is tin toinuta¬ 
tion stone of dynamo-elt-ci i ic i henry. In the ease of the toothed 
or tunnel armature v^jieriment hat conqfusiveiy shown that the 
force tai the cnndm tor ^ only tjiat con r'*] ending to the weak field 
in width it i> •'iltinted, By no jHissibility then can tin* conductor ( 
abnub or develop in dynamo or motor jin-t Iianii .il energy at a rate 
greater Unfit that corresponding (m the product *>( the mechanical 
f in e .u ting on it and its own mechanical v«l<» ily. Vet ihk does 
not account fur the whole of the rln tiie.d 111 nn chaiiii il pflwer. 
Hie rum-id as one of the factors of the t echi< al»riieigy cannot 
he divided, and U the whole of the ind«c. d K.M l ; . wvn the *,wtr 
in khul, due to the rutting of tyics at an inrTeased sjieed, tin* whole 
of the mechanical force*or torque must tall on il,r*i .aidiMni. 11 

I cilia ins till n to lee. igliizr tllilt the K.M.I\ i>dl\ i-lble into two part* 
and that ih»* division mi responds ic* the iwo dil(«irnt causes to 
win* h tJit y are lespn tively due, as How to be -Wavn. 

In the jTo:ii*i^ol;tr field ftf uniform density, vhalcvci the posilion 
of tlie > oiidu't a in the slot or tmiiii 1, it is always situated in a w< ak 
field of definite den^ty. lit, the lieftropokiT held, the field ill the 
>1**1 s at any moment consists oi isolated poll ions, as many asfheir 
are dots, but, whether there he on. m many -I*-Is and whatever 
ihr position "f the cunduelvi in ihe slot, tlie conduct or is always 
situated iti yn*s.im»- density at 111 * same spui nt.iiivdy to fh«* 
stationary p**!»■-. The dn-ity in whieli it is imnn^sid is then-fore 
a continuous (miction of the space tuov. d jhmugh an<l f-ains a 
sle; qly e* »ntinuous field, constant in time. In either case, llu-rcfiae, 
the iondui toi r.s in fa<t being driv en for* My through i^lier whii h 
is weakly magnetized rithdl to a uniform nr In a spanally varying 
i degree. It lias tUSrfnrr set up m W by came (A) an K.M.K 
winch is subject to the line-rutting law ■ ibis is a puff " li.M.K 
of rotation/' and«is m strict ^rrespomlciire to the i inhume at 
Mbv on tlie Conductf*?. . • * 

But in Addition at ea« h edge of jhu moving shit or turn*-! the 
ether is undergoing a iFarlo-d magnetic distuiltfmce from a strong 
to a weak magrmtizatioii or vice vend. Therefrom a wave* of dn:tric 
force .v Continuously propagated to tty: centre of the slot and meet a 
the conductor, causing in # it an additional E.^.F. which ma^bc 
colled a “ transformer E.M.F.'of the second kind,” as beii& due to 
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relative motion between parts of the magnetic system. Exactly 
in so far as there issudi a transformer E.M.F. ( fur a given current 
in the conductor \hc mechanical force falls wlt-ly, on the iron 
jwirticins of tj«i structure. 

A transformer K.M.F, which is nut subject to the line-cutting 
Jaw is therefore* the accompaniment of the magneticjbickling of 
the conductur. • If we start tfilh a smooth armature laid gradually 
embed the conductor within the irdn, the K.M.F. gradvally changes 
from a pure rotation K.M.F. /o-a vomposite of which the rotation 
\mt becomes less,and less in propAition to the transformer part, 
and ends by being comparatively unimportant. 

In the stationaiy toothed armature with rotating field-magnet 
the whojo of the K.M.F. falls unrh i causu (B), but is again divisible 
into the same two portions. So far as the magnetic disturbance 
is that dm: to tli<tm<»vviiieui of tin* field as a whole wit Hunt change 
in its’corifigiirutiim or in the lengths of its flux dines, the K.M.F. 
is cptasi-mottonal or a "rotation lv.M.F/' identical in nature with 
that described-in 5 Id! and of tire same vulm* as in the rotating 
toothed armature, But Ibis distmb.uvr dots r jiot exhaust the 
whole rate of change dli/dt in the e/1 u r ; at tin edge of the slots 
there is agapi'V rapid change in its magnetizaliMi, yielding the 
flirno transformer K.M.F. as above desriihrd. 

§ 24, The limitations o! the Line-cutting law, —The line-cutting 
concept is thus directly applicable to all ca^-s under cause (A), 
but if llie rotating member be toothed anti the emberhh dVonductor 
fie thereby magnetically shielded, a physical explanation of the 
cause of the E.M.I\ it is only- true ■ one portion of the K.M.F, ; 
further, it is applicable to eases under cause (B) in which theie is 
change id magnetic state and a wave of electric force from a rotating 
field-magnet, but again if tlie stationary conductor be shielded, 
it ( fs only physically hue as a cause of K.M.F. in sodat;as the weak 
magneti/sition in the slot or tunn*d chf.nges ami is virtually cut 
by the conduct ur. Although the line-cutting law is quantitatively 
true in all the above c^ies. yet the extension of line-cutting pis a 
cause to tin: whoV: of,tht' K.M.F.M the toothed armature involves 
a somewhat artificial explanation anil ofrfccuresa physical difference 
which is of vital importance to tlu: dynamoVlesigner, while its 
extension tt> the remaining cases under (B) in which there is no 
mocha mold motion may agam be*uiatii^maticalV‘‘ true, but has no 
independent j>hysical evidemafto support it? " , * 

| 2*. The line-link*** Uw at the more general eontfcpi— Line- 
nitting hardly, thfrefore, affords a sat factory bridge from a 
physical point of vietv between the extrem2 cases of (A) and (B), 
i.f. between a smooth ar may ire rotating «n a uniform hom^polar 
lielfl and a static transformer. It nvajs Jiowevcr, still be possible 
to bring both types of K.M.F., though due to different causes, under 
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a more generalized concept, and this is in fait found in the line* 
linkage law based on the rate of change of tlMines miked with the 
ehctric ciinijt. Although not free from certain difficulties to be 
mentions! later, the law holds over tlit* whojf* i.U4g' of pi.lexical 
riW* iitthe sense* tluit with or witWut mivhumcul motion, tin total 
K M F. L'.^ced, whether due to (A) or (B . van*be quantitatively 
i tprevrtd ImtiUgh tin* time-iate of iIfangt^of the lltie-liiiKages, 

| 26. ThawtquWalenca of tW two law* in the cm of smooth 
armatures in a heteropolar or aon-ijoilorm bomopolar field. The 
inmi' diatf e-quivulrtuv of ihvl wo coiki pK in tlicvasc nf all dyna¬ 
mos with smootli arpiatuit-s in a hotgrnpi'lai or noti-mnform 
|ior>n>(M«l.LT fu-ltl, T at oi^e evident, and it is a nut tri of i unvmiciu'e 
oiilv whi< b Vi#nivpt s> i liost n. It has lu-i»n already pointed out 
that lire application of any fojm ot K.M.F. inthiaioi#to tlit* end-* 
of the indVing element virtually amount > to ifcr bn mat ion of ji 
< !<»•»< d electric circuit, eVell though it may* be ail i' iprthft oju- 
which only permits - -f a dwpl.n einenl < nnent. It will tie n lu* ftmul 
that wheieVet llie mdicaimg in^tnuni nl aftd its had, ate ['land, 
if the rate of line-tutting \< dty'dt in any n^- routing un<1« i the above 
heading, the flux threading through the closed < limit is varying 
at a rale dQ^d! which \K pieeUely equal to dft dt. «fl*tji.il the Mine 
induced E.M.R is given bv oilh^r law. That i> to say, wh» n 11« 
lines linked with the circuit are being allri'-d in number ♦ wing to 
the mechanical movement of the nmn\ and fc]i<- kilter i» in im 
wav magitet ir;J] v shieldi-d, some p-a lion of n must ba\v been nit 
bv the lines tiny mr-si d into or out el its embrace, and ibis 
|nation is tfie element or system of eUsuu nts whi» li has been as-amud 
to In* active. Ot if it be the field -magnet which is moved while 
the i p'nduotiug < ii< ml w kept fixed, tie nuginii&d state whi« b is 
deseribed as the flux-densit* is, sav r gjowing up on one side id an 
indueing su^le-el-menl and tlving away on its other side. Tip* 
iwoconeepis then becoim-tiiulislinguidjablr, since am h growth and 
divav on the two sides is essentially tin sajne as the passage of 
fhi\aip*ss tin- ljiduciyg element, lint it ♦bill'd be noti<t<l that in 
lliis^ .i^- wluai the magnet is the* rotatifip % ih»mbiT, vJiere is no 
change in tlieeonfiguiatioiitir lehrthsof the lines, su that the identity 
of the two roircepta^js confined to tire itoiign.il and quasi-mot iojial 
last's, if the idea of the increased relative veloiity of the lines in 
a toothed armature is abandoned*^ not physically tiiie. • 

« *• 1 , • 

| 27, Tbt kbe-lmkajce law ak applied to homopolar dynamo® with 
smooth tmttare rotatis# in a field anifovD in the d»th of moTemenV 

uivalence of the two Von^pts in the r ar>c of a smooth armature routing ir> 
a hnniopolsr field whii h j» perfectly constant and uysfenn in the palJj of the 
movement it tno^e diffkidt of c*t abutment, tail may slill be main lamed. 
The dSficolty tics in the in-erprctalion of the futidariicnUl idea underlying 
the. ' cnclfrsurc ” of fl«x by the ciftuit in lhe*c. <u m*. To 3**04 in 

analysing the problem, lake »«urigW radial con duct or, Attending (rc^pi a shaft 
tt> a slip-ring, which on the line-cutting hypothesis cuts the line® of a uniform 
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field running paralirl trrt'thr shaft Ixrt an external circuit R lying in a ver¬ 
tical plane be applied by mean* of brushes Bfi'. as shown m Fig. 35«. Then 
it will be recognized that, the electric circuit bring in one portion of its length 
split, there are two lo *jr* to Ik- considered : m the one. I'A PAVUIJ, the 
cndtMd or linked flux diminishing and become* /<*r<> when A It pas** RB, 
after which it again increases ; in i he other. thir linked flux is 

increasing to a iinuiiniini w).m AI) passes Ufi. The rati* «*f change in cad 
i*i the HiimCj/md tlie I'.yrIn: din-i.tion of the 1 : . M.F in each is sy^K (as shown 
in Fig. :i5<i) that it n dirw.bd radially out wards along It A ami rriiially inwards 
From /F to /( through /.'. As ,, <«*n a* .1 D passes HH, the first Igjyii becomes the 
secoml loop, and vuc (rrd, and lint flux in h is equal when AD completes 





Fig. 35, a, fr. r. 


the diameter*with flif. Tile two li M.lVs arc not additive along t>A, biA aro 
i (implement.ary, the one to the other, in the sense that the radial conductor 
Al> could tic mentally divided njtn two portions in parallel, one for each loop. 

IhF now le* the external Kicuit K* arranged to one side of the collector ring 
{Fig. 356). Then wherever thv connecting lead HRH' is placed, the tendency 
is to reganbthe linked flux as that shiwyi increasing in Ipg- 356. and to ignore 
tLe complementary truth which tymld aupAr if slyi external circuit wp; 
removed to the other side w in Fig. 35c. In the case of a horfiopolar dynamo 
with uwform tinhl, a active element and collector Ting, a cyclic E-M.F. 
arises as much from what at first sight is outer flyx & from the inner which 
appears^more evidently embraced within the circuit. Consider a pair of 
parallel conductors, joined by a nmdnctor AD, and the whole sliding under 
a pair of brushes lilt’ attachel to An external cirftnt, so that DA cutsfecross 
the tines of a uniform held {Fig. 3 o<j). Then ^soon as the collector hars are 
bent up into closed circles (Fig. 366), so aa to permit of :ontinuou* rotation, 
and the passage of the lines correspondingly becomes radially outwards, 
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the flux to lb* right of DA round to the radial plan# in whjcb Bli' tail is as 
much enclosed in the second loop as the flux to the It*t of D.i up to the same 
plane of BB\ If ft Ues. as it may, very close to the ring, so that ft'ftft also* 
endow# the raiial flux, the enveloping slnvt representing the urea of the onu 
urcuit must U l chrned from D tdockwjs*? *o lib', and tlun hdd luck on itself 
To ft. soflhat the flux from H to BH‘ cel* out. while coTropondmgly the 
sheet for the other circuit proceed* '.muiler-i kwise from D to lili\ and 
then must Wkexiended up HH‘ lu ft. A • 0 

*l'o the hoi!%j«*lar dynamo With sul^.t* .n life element, whether of tike" 
axial or of Ih-bid.al ly|v, Id a .second naiff «b men* now? l*e added. sav at 
the opposite >3<Te of the Circle, Nothing in principle it thereby altered, and 
cachtnay IjC i redded with its own i'A» l'-'uv i arrwd lli< nt«» tin? limit when 
thr riltirr cylindrical or the i-ntirv radial l.n i 1 has |*< u* idled with mine 
element*, we reach the horuo*x.iUr dstMUm with lompletc cylinder or den., 
who h h* thus l»> lx-jyg.irdud as made upu?au infinite number of pair* id loops, 
su-.h as haw Uvn dewfilNxi. Wlirrcva and however these are placed and 
pain'd, so long as they con form to the icipmvd cthlitmiiH, the same axial or 
radi.il J. M l. is inevitably reached over the whole face ol the dis^or sinfait • 
of the ctinnier. 1 9 
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Si far iher the " hjp- hnk.ihg '* law Itlliimt be said to fail. Yet in lli 
appli alum to homo(>ot.Lr m.n limes with Held uniform m (hi' path of the motion 
it loses much of its own rubai -ampin ity, and dm > not .iiloi.j ,%m li .itmivjin mg 
v xpSu ri.il n-n of the natural phenomenon as that whitK is given by the line 
• nttmg law. l-urtln-r the provitfi <• to whuIt lie i.umi j>t d flij'i// ii.ilut.dlv 
applies is that of all caws in which it sums up .uni t \pTfs-.es tlie mb grill'd 
i ff-11 of ,/if ,/A >vrf ilir* area • j inr urnul. but in hom«.polar machines ol the 
pi'es* m kmd Hate is tv-. ifu.n#)ity dii <ft exisont at any^pot, whether If i. 
«o'l .nb'tt*»l in reiaiitni m tin* ethrr or iiif or iron. 

} 2S The line-ixnkjMte Itw a. Applied to the tSoUied armature. if ilm 
Ltie4iukagr' law i.s not 1 *' ob-cure tin* u«pi(l<if.t physical duriiii>mlH of 

the tu>i]i«-d i,r inriiiel armature and tfn-.o forr rail'd to V op«-;»ju ihr; same 

objcs.Ui.n as that already urge# hi j; -2 :#:.uii'<t llv *tipp>«si <| tii',v* rr.> lit of ail 
flux hm-s ai ro*r. the sl 0 t>, it mu.l !>c interpreted m the billowing way 

1 he " true rutatioft |- M l-," cd a loop • •ft toothed m mature u^ll 
given l>) con side ring the rflrcl of an infinitely final] inovnm of the loop 
within the slots when thi? slots, armature? iflm-md pules are In id jtationarv, 

• .* « c . • 

1 It is ‘Hfge.stcd that the line of explanation lurfr adopted adheres more 
■.lowly to tlK real nature of the physical iu is than (|>e all'T/i a liveexplanation 
which has Ireijurntly tfccu-givtii. Tins cum erntrah s#i 1 te»hoii only cm onu 
locjp and treats its area Ok expanding imbdiimely f#) at to embraic jn ever- 
mcreaiang amour^.of flux, lint the analogy to a trig'inotii>tncal angle of 
iitiUimved magmturlo appeal* to the wnlcrJo partake 1 <*j rmif fi of the nature 
of a Mathematical subterfug^ to be accepted as a satwhti tory cxplana#ii/n. 
The simple fact is tlfat after rcv#lutions the flux emflrae^d by lh» loop, say 
of Fig 3$£, u not larger by .V times the total flux but is the same as Urforc. 
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Jtrwl the cxcitmgfcmpereturns art unvarying, i e by taking the partial differ* 
cntul of the linked flux with re»j>ect to the angle u expressing the relative 
position *A loop to puhsy. Tlit “ transformer L.M.F." tan itself he resolved 
into'two rum portent*,* according to whether an infinitely small movement 
of the armal nreVtron relatively to tljr \.Avs with the loop imagined sptioitar) 
alters the linkages when Unexciting amfx-ri: turns are constant, or whether 
the i-fft’i live ampere-Sums of excitation vary ami therefore the t^.al flux of >i 
|M»k-pitili Would pulsate even w<un poles. armature iron. jtnd loop wore 
stationary. That is, m addition the partial dilferenWals of the linked flux 
must lie taken with nrijHi.l to the angle // expressing the rrUKivr position of 
armature hath to the pule, and with re |>i:«.t tu time. J ims - 

—. * t , |. , l ' v f j, 

t;a „ r (f i t 

Si in i! in fact tin- loop and armature iron are rigidly i.miv* ted, 

(in df{ OlJt 

ihi-m «♦ 1 
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,rue rotation 
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Iratishn'mcr K.M.lv 


Jt 


rA> 




r<Vt 
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O' i r.7 

Kotation F. M K 


0 % 

cl 

Pulsation 
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Since the lirst two i*„M |\\s arise from rotation and mm sptmd to me.haimal 
tor<|ue«>u lomlui lor or iron, they tn.iv be and freipu iillv are gruU|x d together 
(as shown in Lhe lower line) ;w the “ relation M.M.K" m a ilitfrii ni seme to 
that used almvc, and in contrast with a " pulsation K.M J‘." which is imt 
ielated to any mechanical l< r«|ue. 

Thus at least theoretically tlu* 11 tie-linkage Ifiw iloe» not l.ilxnr under the 
sallies disAdva.il I age as the (me . lilting law that it cannot pm lit t the true 
insi aiitai irons L.M T'. o[ the tnolhrd armature and dilfrn-utiate its < a uses 


$ 29. Summary and conclusion. -But though tin: mmv gnural- 
ized * Diu t pt id tlu 1 hiu-Iiukagr Jaw may rvrn he held to bo univei- 
silly true, iL duos not appear to ;dfmc| mmIiai an insight into the 
physical processes id nature as the situate ratios which have 
bot'it dassi fil'd a> (A) and (B). t 

A diffemvT between the two causes ami the two laws is 
that in the ca>o of (A) yvheu the magnetic held is undergoing no 
change, utyt'T lljr line-fulting V w £ls applied to that case the 
electric force or ml entity imlncid .it a point has immediate reality 
and is definable, In ease (1^) when the niagneffi^ siatff is changing, 
our tack oI*teal knowledge as to the contour of the wave-front of 
electric fierce which results Iitfciu the integrated infect of the regions 
magnetic disturbance rentiers it difficult tifdetermine the elect rc 
force jt a point.* * - 

1 Cj>. Frit* liiiulf, K. m, A/., 1909. No. 3*1, anSLli. Rildctiberg, E. u . A/.. 
1907, pTtiOO. 

1 Except perhaps by a generalised expression tawed on the vector p^ential 
ot tjie moving electrons which tfccmsch-es produce the magnetic field but 
without ujing tlw magnetic field as an iutfrm^jtfite link* Cp, S. J. Barnett, 
foe. cit., p. 1160, and W. F..G. Swann, ioc. wl. 
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We are thus compelled under cause (B) to fail back (in practical 
cases) on the total effect in the circuit as a whole giv^n by the rjjte 
of change of the lino-linkages, and since this Is dBjdl integrated 
over the arra«l:ncluscd by the V'rtruit, it is essentially a fuivtion of 
that area : consequently the effect remains a property of the 
circuit as a whole. The rlectfjo force at a point canuoWu-u be la ; <l 
clown, and the induced K.M.F. cannot be hotted y.xeept tr> the 
extent that in someYInsrd* irenits coiisidi'rations of exact symmetry 
as bi lweeii different portions < an be applied. 

A summary of fne views that have been here [art forward may 
assist the reader, and is giien on page S3 in tabular form. 11m dotted 
bracketed portions in tin* first part indicate the lev, defensible 
extension ; of the two laws. The second pai t is merely an additional 
classification based on the first part and intended to bring out the 
difference between the causes acting in sinooih and toothed 
nj iiuhiies res|H:c tiwly. 

Fortunately lh« facl that the two causes do uul appear to admit 
at present < f ultimate synthesis into a single univn^at law resting 
on a physical fomutaliou does not lead to any ditfinrhy in the 
practical cases*J,hal meet the dynamo designer. Indeed the two 
causes nerd not have been considered at such length, wet it it not 
fur tin: distinction me* hanieally between the case* of the smooth 
armature and the toothed annalure. 
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Sr^.F'JM'fCTlOS AM) ALTLWK-'TJSC.-CIJKW-Nr FlKSOMFNA 


CoU- 


1 1, fkcxjbd conaoqaenoe o! fiow.a! current-»Om> tlir 

^qitm'es wWh follow from the ti&gmfie liHdMuit suiiouudsa 
current-an .*^hig c\<mlu<:t«<r, mhulv, the pull an it when imnuis«nt 
in fu i xti-mal held, lias hn-nVoiV^dercd, and m explaining the 
interaction betwmi the two we have spoken «1 it^ own magnetic 
held as being supeq>u*«1 upon thet‘Xten*id field. A se otnl imjxn - 
taut consequence of it* magnetic propel tics lemaius lo hi tiaa-d, 
ami with e-jn-ml reference to dynamo \\ ak \vh» n tin ^nu< nt ii^ 
tin- cnuductoi is itself due to au exti i n;d field it ha>h"Wtohc asked, 
What i> tlie effect of the ro-pi i'm- n<v «•( iln uvn^rl.h as n gaidsthr 
MMF. induced in the active conductor f In *ut lal nature at 
,mv |hant in 'paee thru rail in vei 1 m ni>* i< than one magnetic fuld 
a-* mapp'd mil by lines nt induction, and this \\ili«hi- the result ant 
nri-mg linut tin* magrti tomntiv r fim i pI iln- winding that produces 
the niigiual inducing field combined with the M.M.K, of theniuenl- 
eauviug circuit* Hut* it is often possible and 1< gftim'ile l«> ngaid 
t a«h of tlu-e M.M.F/s as -piiblueing its own fi«-ld oj >rt of lints, 
and In roh-idei each set as existing sipaiaMy and thus to anive 
at the actual lesuhaut K M1 : . • 

§ 2. The BlM.F. ol b^I!- induction and the inductance o! a circuit 


or conductor. -The cuirent-tanving muni has inns nf tinx linked 
with it, and so ah* lias th» mndut^ni as fontiihg pail of aciieuit. 
In the ea>e thriefon- of the lourhhtor as uiu«h as in tie ease of 
the i in nil as a whole, if a i mient in it begins, <-j mds, nr varies in 
strength, Us line-linkages tary and an K.M.F. i indue* d in it which 
being inrivn u by the current ils*!f is eaJUd the uf sclf- 

indudion. It is always so directed a-, to <ip|#is<- tie- change of 
mrrrnl ol which it is Use]f the effort, ai^l all changes fmni one 
dptmite vahn of <vm-nt in iiTiutlm dthmlc value must take a 
i iftain lime and raunnl be nAtaiitaUedlis • 

The welJ'kuoWji analogy *f tin- Hint* fiotn o1niii*:il “ self- 
induction " intli^s*-aiMng4roin nr • *an»al “ in*ilia ” is obvious, 
since in virtue of f^e inertia attaching to any mass*of mat hr, a 
# finit e velec it y i'.ifmot he given V'lt or taka n fiotn it instantaneously, 
uoi ran it Se instant anenii.lv aimed to another value, ;ts sh'Vn 
by the t; miliar m*iano*'>f “stall ing fioiu irs^, or stopping, ot*iltc rirg 
the spo d ol a heavy IlywhecL It must, hnwiVer, be rlraily under' 
tuxxl that t1»£ current itself has n*t cjualiA' analogous Uf inertia ; 
il is only to the current as prodding a magnetic held that the 
projfrrty at targes. F^r wijh the same cunent flowing roftnd a 
circuit, the self-induction can be altered very greatly by any change 
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which affects tfie magnetic field surrounding the circuit; and it w 
therefore truer to regard every circuit as possessing a definite qualify 
other than its eln trial resistaw:r, but which in conjunction with 
its electrical r^istanee determine* the i urrvnt flowing through it 
at any instant under an* K.M 1’. ; in this quality is included its 
capacity as* rnudeifsrr, Imt of still greater import a tier property 

of elect pm Magnetic inertia, or as it u briefly called its inductance 
since upon it depends the KM.I', of self-induction.’ Obviously 
the iudih iari< «■ of a < in nit \\tW be dependent on the magnetic 
conditions which determine tie- munbei of lines connected with it 
when a given current b flowing, and hem •• is governed, not only by 
the geomeliii nl form <>t shape of the eoiifUieiing i>atli, but more 
^•sjM-ciaily J>v the pic■M'lwv <>t iron wiilnn or near it. Hy a further 
extension in uxs where some portion of tin* total magnetic field 
of the cireuit cm )e legitimately assigned to a portion «>f the ton- 
ducting einuit as tuusjng it, ii hrromrs pi;u lit ally permissible 
to sjieak of 11n* indut tauce of a poition only of tin* < iiruit or <4 a 
single conduct or a-, forming a po^ihle pait «.f a t in nit. 

| 3, Th« calculation o! mduct&nce. The genual formula for 
the inductance,^ a circuit or part «I a circuit in (\fr.S, absolute 
unit sis / i\'Ji where .Y # is ihe number of linkages (each Cfi.S. 
line encircling n lo»i|»s or turns being teckoitMl as giving n linkages) 
and > is the mi n ut in absolute clectimMagnetic units. The prac¬ 
tical unit of mductat.ee, tin- henry, being 10 M times the absolute, 

(henrys) •, r X lb ® r X I0" 8 . . (12) 

Mat*' ) M.unjS’TfNj 


Tims the induclauce is uiir liemy if oiu* absolute unit of cuneut 
flowing in the l iirnil oi t oiidm tm gi\es list* t«> 10® linkages, or one 
ampere gives rise to 10* linkages. 

In the presence of non with its living pri mcuhihty, tin* induc¬ 
tance is not a coiwlaiit <pian1ilv r but dry rids on the current and 
other conditions which must he specified: in fart, the term 
“ inductance '* then admit sot more than one definition. In dynamo- 
electric machines iron is a 1 most invariably present in parts of the 
circuit for which the inductance has l>, be calculated. Yet in most 
cases it usually suffices to consider . / ^s constant so that for pur¬ 
poses id calcination one absMute unit of current or true am|H-re may 
be taken apd the linkages rcHtfiiied thm*for. 

Kexl * in the c%ise of a coil of two nr more Miras, all the flux will 
not be Jinked with all tlie turns, although this condition will be 
the more nearly uppr««i< fled, the closer logetlin* the turns ate Wound. 
When it maybe assumed that the total flux d*, is linked with all 
the T turns. < 


{hcmyrO 


1ft 

*Ubs) 


X W* - , r ^ V x 

•(amp? i 


10 


• (13) 
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4> ( being the flux due respectively to the curirut in absolute uuic 
s>r to the amperes. If si be the reluctance ttf the iftagnciie circuit 
o.wiCeniectp ' 

4ir7 '* U«> l 4 tt 77 ) f * 

~5* ‘ HI V :*i 

VJhai \ 

P 

>• (]irnry«) 4 rr - 


O, 


m 


-T ' 10 


(N) 

is vinnaUv 


■t* 7* 

$ 

th‘5 

• « 

Tlir i -uiTrntp 1hiTi-lon-» no Wgei appeals, \et it'* \ahi 
implied in the ithi'taiui >i whn h \fcill Im* \ ai table i! it mi Im • pt* -«lit. 
liul again if the ♦iN"iini]>M"ii i >t ill. put edmi.; paragiupli may It made 
tli.it ill* iron is of constant pciimabih: v ;»r it tin* this s,» laigeU 
j’itvi’S through air <a nihci mai-magnet jc medium ^haf the iimi* 
hi t«-moo! ru'eligible iui|>• >itan<v, :K or it * leeipi. m^iI ;\Un-petnu ain. . 
may be ti«ated as a constant. Finally. tln^eh.te, « 

.. 4tt?/- X hr-' <.i 1-257 /P >; ^ limns . . ♦ (15) 

>uiii* muler tlic given .i*»stiinj>t ti -n- all the fhi\ i* linked wit It all 
tli«’ turns and Mr tin miii* cm lent iht tlux is pii>pi’jtn»nul to tin 
tiuinhri of turns t)n- induMaai • v.n i< s asili. s<ju, t i<• ..1 tin* uumbn 
i*l t unis. * * # 

f 4. Impressed, sell-induced, and resultant E.M.F.'s distfc- 
guubed, Kir.iu tin* fact that an uenaung «uii«nt is diintly 
op]visii-dJhy the self-induced K.M.F. ii is evifmt iImi tin* lalici 
eanint It tln # raipe of tfle il av ; there must llicn tie nimthei K.M.F. 
in the sayn dir< i tnyi as the cuiietit, and gonhi Mi di iJ ir- hark 
K.M 1'* We must thriefor*. in t ;i4{-s wheie tin <mji iit is allt ling 
in \ahie, distinguish between (l) tin- imf*rc\^d K.M I*', and (2) Mie 
Minuter K M.l‘\ of ; lugi-lhcl iheS \ le]i| tjie 

or c EM I', uhi' ii iftmn dialely < .mses the fin* nl imieiii. 
In the ale#n « of eapar ity or win n i Em * iap.iejty i' iv glii/ihli * Jhe 
resultant K M.F. at any*momrnf is r<|ua] to tlifl algebiah sum of 
Tlie Values of lho oilier t V . Tims it t\ 9 ihe mi|iies^<d K.M.F. 
at* any moment, ar.d r t ihe selbiudifced K.M.F. at the sum- 
mftucnt, the resultant K.M.l*. to wbT'b the niritJH is then 
proportion*! is ^ 

• c, «\ : *, • 

■ * i • 

the actual algel^ai- # sign of c, d'pe*diug ou the «pii ai<>u whet fur 
^he current is meri ting »n diAvajiiig in ditiigih. Hr if c’ t i-glo- 
K.M.F. consumed by the s< lf-inrmcti<m, and so is the exa' t npfu^iic 
of r t , r.r. ^ -f,. ^ " * . * 

*) <*, - c\ and c t ~ c* | < \ 9 

A* any instant, the current flowing is i - eJU. as given by Ohm’s 
Iaw,*K boing interpreted as an cjftclive rest ’stance, which includes 
not only the oh # mic resistanc* but also lakes into account any back 
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by reason o{ which chemical or mechanical or electrical 
work is vxtfulfy done in addition to the mere dissipation of heat 
over the ohmic resistance. f 4 

| 5. Storage o! energy in a magnetic field.— But when the im¬ 
pressed E.M.K k -o divided, it * may lie asked whether the dive.ion 
fmds any actual counter j>art in the physical plunumcn^ 

Tin* answer is that tw./ different kinds of woik aiiM^ving dune. 
Just as in the m mature .d a continuous-current nn^-ir taking 1 
amperes under an impressed v <U-ige V and developing a buc k 
RM,F. c, the work done i-> divisible into two portions, the one 
cones ponding to I^R m appearing as heat, and the oilier correspond- 
ijig to cl appearing as mcrhaiiiail woik,, so now tin: electrical 
energy d« ve)np«d is expended in two forms, of which the one apjnars 
as useful work nr as heat at tin* late i*R or c r \, while the other is 
eueigy stolid iji ] it m i at ed in the magnetic field at ilieiatrV B i watts. 
The ether sm mending the metallic conductive circuit is an elastic 
medium which is magnetically stressed through the growth of a 
held round 1 he con duel <*-, ami then ads as a hint spring which can 
again give hack tin: eueigy expend’d in bending it . 

The i n ation of a magnetic field dymamk energy, and the total 
amount absoiffWl in the process <>t bringing the current up from 
zii’o to its steady value l can he showntohr \ I 2 . This amount 

represents file clediomaguelic energy of the lit Id, ionvsj>onding 
to Uur kinetic eiieigj', oi Jmc-of a moving body ; it is nieasuiahle 
in eigs or joules acconhtig as ilu absolute o! piadi .il system of 
l‘.(jr,S. units is employed. Wln-u <>ne t ilu* field is established, \.t< 
when a steady current -.ct uj, no hnjhcr expt riditute of energy 
is required to maintain it. Bui tfuemigy expended in establishing 
it is hid iireroVeiable ; it is as it were stored up and can he libel at < d, 
Bur suppose <*, to he instantaneously withdiawu ; then the self- 
i minted JC.M.In tends to keep the current flowing, and dirs actually 
do so, since the ctfirent only falls to zein»after a certain period of 
lime. Dining this lime woik kheitig done in the circuit, the energy 
stored up m tie* magnetic field nappraring as l^eat. e.g. in the spark 
which mem* when the nveuit is opened. i 

5 6. The case of the continuou^un-ent'hiachine.—It a r nr dud nr 
is moving at a constant vj-Wjiy between two pufu pieces of infinite 
length^as in I^jg. 3t>, andi iuVies emrent due to the E.M.F. of move¬ 
ment, the and ament tiro sfeady^ and thu magnetic effect 

of flu* current remains unvarying in iutorisity and position relatively* 
to the conductor. The latter ma,v then on the basis of two sets of 
hues be said to carrydts own field along with it,‘and therefore can 
never as*it moves cut ifs own lines. Ahead <?1 itself the resultant 
linos are denser than the original field; behind it‘ they archess 
dense* but the variation of the distribution travels with it,**and 
only the lihes of the original field are cut. 
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But it is also possible that a number of active conductors may be 
, so arranged that at once they carry a steady furreut, anil, ah hough 
%ach moviflgj yet as a system yield a magnetic field liiat is constant 
and stationary in space. Surhjsjhccase ol the c.eUmUous-Aimm 
annafure of Fig. 25. When thereto* tho steady value of .the 
ciUTrnt\as been established, thy stationary bugm-t*' field of the 
* armature as a whole in rouibinautgi with the nidiuing field will 
yield a reliant stationary field of different distribution which 
contains within itself the effifcl ul^both. In thv N case the rotating 
conductors do actually cut through the resultant Jit Id, i.c. through 
the original field after it lias bfcn n^uted upon by the M.M.F. 
4 il the armature amp»re-tuius, The K.M.K tin nee loiiml is, huw- 
e\vr, a rtsulta.nl K.M.R ; since the nii/cnt is si< adv,»thiTe is r«> 
effect from self-induction. Yet in the resultant lifld causing the 
K.M.F, is stored tin* energy cnmsponding tti the iiithii laive ol 
the armature ampere •turns, as well as the enngv mi refunding 
to the establishment uf the original inducing field. Tbu> tf the 
aimature circuit is broken while the excitation of t]i^ field-magnet 
isimalteied, tl* former energy will be liberated and tend to maintain 
the current in tho same direction as at the mnmetj^nf breaking the 
f limit, while tbe tiefd is reverting 1 <« its original distribution and 
original quantum id energy. * 

§ 7. The case oK the alternate-current machine. - But in the 
ultima^-current machine tbe iiiimit i:tn^ owing to relative 
mo\ eiueiit :• l iiy> in a* cm rent-carrying It Nip rotated nudet pule- 
pieces, in lhg. J8, the impressed F.M.R alternates, ami tin* 
mducutnee also varies* so that the distiibutiou of theactual resultant 
field as containing the vaiying magnetic effect of th« < urn iit vaiies. 
To the Cuiisideiat ion of this ease on the basis of two superposed sets 
of lines we now let urn. * % 

To pnteit In its most elementary form, consider a Imp uf*vire 
(Fig. 37) which is rapidly pushed up to the pole of a magnet from 
some position outside its Judd ; by th<' nitling of the lines of ihc* 
external field an F*M.I\ is set up in llift direction of the anow on 
I Re loop ; this iurwtsf-s in str^nglb, sinci .moit* and fimic lines ale 
rut as it gloves ^trough the dense field near to file pole. Under 
the action of tin*K.M.l", in the do>c<fh*^> a current Regius flow ; 
but n mu as this current begins, ds^wn lines of flux form hxips 
linked with thc^lecjncahnicu*. A vioiul field is tliuf superposed 
on the first* and tl?c direction of life lines ol this second field as they 
pass through the bmp is opposite to that oWttu first : t his if roughly 
indicated in the (Iky?am by the dotted lines lying counter to the 
full lines of ijtc original field.' It follows that the rising current 
(eiMs to set up a fieUf jjf lines opp^ite in direction over the area of 
the loop to thq^e of thf-Jbxtfmal field ; or, ir> other worjls, it tends 
to reduce the fliuc-density through the loop, just at the time when 
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it U being increased by vhe mot ion. Consequent ly the rise of current 
in, the loop is not so japid as it would be if the current liad itself 
no magnetic effect, or Me may say that the current by reason of the 
magnetic qualities of its circuit r^cts on the original field. At an) 
moment the resultant field/n which the loop i> moving has a certain 
value and distribution, and llie rate at which the lines of this hold 
are cutting the- conductor loop gives the K.M.F. to which The current 
at that moment is proportional; hut this actual held niLyconveni¬ 
ently he resolved into two—the original field and the current's 
own field, (Kir effect vf the 1 wo being considered separately. At any 
instant the lines induced b,y the-current itself are inneasing at a 
certain rate, and their increase as linked with the loop causes a 
7, transformer " Ji.M K in the negative direction round it. It is 
thus opposed u* the impressed K.M.F. due to the cutting of the 
"• original field, and the rising 

current induces a counter K.M.F. 


opposing its own rise, 

If the movement of the loop is 
tfversed, and it is made to recede 
fromctlie magnet, the direction 
of the impressed will be 

reversed, and so also eventually 
will t he cun cut. But nut at once; 
the lines of its own field have to 
die away, u> be since.»dcd by fresh 
lilies passing in lhi 1 reverse direc¬ 
tion thn nigh tint loop. Tin: change 
of the line-linkages is continuous, and both the dying away of lines 
in one direction and their growth in the opjiosite dinvtion cause a 
self-induced K.M.F. in the same direction rf* that in which the current 
wasdlowmg ; this for a time tends to Count vj4mUii<t tlfc new K.M.F. 
impressed tin the Iftnp by the external field, and hi nee Hie current 
only gradually sinks to*zero and finally, biroiues reversed. Thus 
tlio magnetic effect of tin* current shows itself by modifying the 
external fiehf, and Audi'Oppressions as the inductance of the loop 
and the energy stored up in its field, although legitimate, are based 
oil a gicntal # separation *1 rtic actually existing'field into two 
component parts. It is not,th^t the loop first reacts on the field, 
an^then cifts the resultant field byhts own inovciXcnt ; the resul- 
tant field changes relatively to tnv conductor, partly by reason of 
the lattff’s own niovcuumt, and partly by reason of change in its 
current. To the movement of the resultant iiyld relatively to the 
conductor the resultant t.MF. is dUe ; and if we were to consider 
this resultant field, we must qot also cr^tt the loop with ielf- 
induction or inductance ; it must thep bt^ ronsidered as a eifeuit 
possessing only resistance.- 
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It is, however, more convenient in most tases to*consider some 
part or parts of an alternate-current circuit as possessing induct ance, 
Sid to take into account the effect of such ate inductance in 
combination with an impressed E M F. • 

| rf The impreoed. arif-tnduoed andtrwultant E.M.F. cumi, in 
m circuit— The immlvf of linkages of a 

Vondurtor or circuit carrying an altriiuiting .current with its self- 
induced liflW» will vary in lime, ami this v&fuition over a period 
mity he due not merely to tfie variation of tin: current, hut aNo 
to variation in the length or nature of tie magnetic circuit that is 


pr of t 
-% n Jmcr4 
Jut** 



Kir,. :<8- 


at any moment presented Jo it. Jn Fig. W l*U tin* full line he the 
linkage curve of tfit* ^fit-induced line*- fllothd on an axis of time 
ofhr a complete jirriod; ihri isVot n<< < “■■.u?ly <t( the £nnr diajM' as 
the cnrreni nirvc^iwe, us alt early mentioned, the mimh« r of self- 
induced lines m;i?' not vary directly ;A tfi# < mi. tit un^r all gi< um- 
slanrrs rioi need tW-phase of the • pi ij nt < m ve and of the * uiv« of 
M'lfdndtiritl flu?fl>e Jie syn*- ; fheie liny he a lag of ih> flux v^jm- 
behind l|ie<iKignrt*/ing euftenl iifre^put of lime, and, as will be 
shown Ifrreafter, where a portnm <»r lie-*whole of 1 1>< ifutgiwlk: 
circuit through whV^lie self-induced linesJ 1 *’% is composed <*t non, 
there will hr syrh a lag. although it may he vnv slight. Hence in 
Fig® 38 the full-line tyve is sipassing through *ro at an 
instant slightly.later tkah 4T« time, wlmJi a* mkonedjxre from 
passage of the current through Jtero. From t lie curve of self-induced 
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linkages by finding the " slope " of the tangent to it at each point, 
may be derived a second curve (shown dotted), representing to 
slums scale the of change in the number of linkages, or 

dNJdt, where iV, is the tidal number of self-induced linkages; 
this may he unsym metric*;! if the original curve is unsymmetrical, 
and may differ veiy greatly in ^Iiujh* and character if tlitre arc 
minor undulations on the original curve, even when these apjxar 
small, and almost negligible. *' ' 

But the K.M.F. of self-indet ton is proportional In -dNJdt, 
st» that if the del iveihnu ve of Fig. is inverted, it will atxj represent 
to some scale the K.M.F. -»f self-indiii |jf*n at any instant, and at 
1 lit: same time indicate ihc rlin<tiou of this E.M.F. When the 
irimibei of* self-induced lines is increasing in tin positive dilution, 
or decreasing m the negative direction, tin K.M.F. is negative or in 
a direction opposing a positive cut rent ; and when they are ch<nas- 
ing in the positive direction, or inn easing in the negative direction, 
the self-induced K.M.F. will h^ in the positive direction, Tims 
if the curve of linkages >h ■«->. as in Fig, !W r a continuous increase 
of lines, and He n a emitintious de< rea-p- «,f fines, although the rate 
of this increase - » del rease may be w:y different at different points. 
Hit.; curve of self-induced K.M.F, will pass through zi to when the 
total number of self-induced linkages is a maximum, and fur a 
whole jH iiod will he divisible iulo two ]ioiti«>iis, below ami above 
the horizontal axis. 

If the magnetic circuit lias a constant indiu tnix d* ^ the w !f- 
iudmu'd K.M.F* ran he dot j\vd immediately from the current curve, 
since t, -- - sdijdt ; hut in I lie general'.Msc wfieiv lie- inductance 
may he variable, c, must he taken as - dXJdi, and the intermediate 
curve of N § is leipjiml, 

Tn.Fig, 39 let the dotted curve E f he* the dotted curve of Fig. 
38 v/heiv inverted, being, tlierchne, 1o Some scale the cijlvc of the 
self-induced K.M.E in volts, and upon the same hori/rnial axis of 
tiino lei the tliick line .(E) be the runout curve. Tt will he seen 
that, roughly speaking, Ihc phase of tin 1 self-induce) K.M.F, lags 
90° behind tlio phase of the current, hut owing t<> the slight lag of 
the flux behind the magnetizing current the cunv of self-induced 
E.M.F« does u*it reach its maximum until after the current cur Vi¬ 
llas passtd through its zero.. But the thick line current curve will 
alsp represent the curve of resultant E,M.l\. provided that the 
scales he so chosen that the same height represents indifferently 
either ofu* ampere or one ampi-rc*multiplied hy the effective resis- 
Mawv of the circuit or portion of the circuit' under consideration. 
In Fig. 39 this is supposed to be the rftse, so that the volts of resultant 
E.M.F. can be read off the curve K. We are now, therefore, rti a 
position to, deduce the curve of the irnprt^ad E.M.F,, which must 
haveacttxl on the circuit in urder that with the assumed conditions 
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the curve of resultant E.M.F. should havvjhc slwpo shown in the 
,diagram. Jinnee vn *have obtained curves wlufli determine for us Hu* 
signs at any moment of e t and e t . the nr.lfttsal equal h-nnl §4. 
f ( ” jr ' *■« s bows tluit we havei only to Miblufc the ordinate* 
of the |«lt’inchiad E.MF. cmve from 1 'he ordinates at the same 
.points nf.jhe resultant K.M.iv '«ys.- :p;d I'1*t difference ;*> 
a third curve, due n gard hgug pan! \o tlu oilgthiuic signs of the 
oidi t Kites u* third-line etu \« hi obtained (it,) will hr the tHpiired 
iiuve <1 impressed K.M.F.^in vidi*. Oi tin mtw S, 

if. the dotted cuive of Fig. 38, might havelnm 1 1.dt*<! without 

• _ 



inversion, when we shoufcl have hail t;j Add the ordinates since 
^t=^ r + c\ and V\ is one the fMippunrqls of Jhe impressed 
L.M.F. hut in either r«se if t\v*out of the time curves are known, 
the third i* also 4h‘torn lined. # 

$ 9. Ifig ol resultant behind impressed EJLF.-*lt is t\idmi 
that the shajx-of ttic resultant RM.1*. nnvr may diffyf materially 
.from that of the i*ipro«*d ; for example, in the assumed 

rase of* Fig. 39 the curve of imputed K.M.F. whi* h Jja* been 
deduced logically«from the previous curve?., * Mi idly a Mnr* ru?ve f> 
yet the curve of resultant E.M.J 7 . is not a sine ■ unv, and i* not even 
symmetrical ©n its pending and descending sides. Next, it will 
be set'll that, while those! f-inducefl E.M.F. always opposes prising 
it does not always fUsisfa falling e t . From this, tw© important 
consequences follow: (1) Since the setl-indwed E.M.f. dow not 
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always assist a falling hut fines always assist a falling current or 
tailing resultant the curve of resultant E.M.F. cannot 

coincide in phase wi^h the impressed E.M.F. c urve, lint, on tIto 
contrary, the cim-tit curve lagj. behind the curve of impressed 
K M.r. hy a certain time dejlending on the inductance of the.drcuit ; 
am) further, dliis fiine is 1 anally expressed as an angle or fraction 
of 3Bft'\ bring measuijcd hy reference to tin: bipolar caw* when one 
period corresponds th ] revolution, or 360°. (2) So long as the 

self-induced lines continue to rif and their mmiher <>i linkages In 
increase, however slowly, tin re is some self-induced E.M.F. opting 
the impressed K.M.R ; hiU at the instant when they are at their 
maximum, and 1 fie self-induced K M,!’, is *to, IIh* curve of resultant 
E.M.R cute the mive of impressed K.M.R When* this point of 
intersection is, entirely depend-' upon the curve of selfc-indutvd 
linkages ; and this inprpds, not only on ihe curve of magnetizing 
current,, hut also on the magnetic, circuit through which at any 
igstant iL is inducing liiys. llrno-, if the curve of self-induce<l 
linkages ronfi'iUt*s t<* Iis<r after the < til rent curve has begun to fall, 
owing to a more than projioftionafr rleerease in the reluc tance of 
t hi'magnet it* c^-^iit, the cmvr uf n-stfltaut K.M.l'. will cut the 
impressed K.M.R at a point aftei it lias icached its own maximum, 
as In fact is shown in Rig, W. If, however, the maximum number 
of self-induced lines coincides in time with the maximum strength 
of the cm rent, tin* highest value of the resultant K.M.R wilt be ils 
point of iufrtsii lion with the curve of impressed R.M./. Further, 
a given magnet in rinrnil always permit s of an iniii ciiseof i lie number 
of lines of flux tin oiigh il, when tin magnetizing cm lent is increased. 
If, therefore, the impressed K.M.R is never constant, hut always 
altering in value, the curve of >clf-iuduced lines never becomes 
a slriyghf line (unless the magnetic circuit lie altered so as to exactly 
quitter balance Ihe changing rui rent-* a rare possibility) ; hence 
there is a definite'self-induced K.M.R at*thc moment whir Un¬ 
impressed K.M.R readies its maxinymi, and the point of 
intersection must be siftiM-qucut to the ^loiut of highlit 
impressed K.M.F. ;*iu other woi § cap never attain as high 
a value as /i,. C * 

Tlicdivhotr ytay easily Udllftstralcd by the- cuse'of a flywheel to 
which is applied a turning ftvvq, which not only alter miles in the 
dirgption ur which it tends to turn‘ : the wheels bin also varies in 
value from zero to a maximum, ami thPrice, passing through zero, 
to a maximum in the opposite dilution. Since the turning force 
is never steady, hut varies continuously, the tywhwl would never 
roach the maximum velocity corresponding to a steady turning 
force equal to the maximum value of the alternating force ; bewrc 
reaching sqgh a velocity the value of the Aiming fotce has already 
begun to decrease, and in just the same way the jesultant E.M.F. 
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lags behind the impressed E.M.F., and it*/naximuiu value is less 
Jhan the tpaximum value of the impressed p( F. 

| 10. Power in an alternating circuit it determined graphically,— 

lu ayy portion of a circuit tfcctralc of development «d electrical 
cnergy#t any instant is equal to the pt&hict ».t the mitcul whirj. is 
ithru flowing in thiit portion oi ih'i ctuyit and tjie I>M,F. which is 
impressed upon it at that ii^tanl. • TJms, m l'ig- 40. it tlu* thick 
line represents the curve of cynvnl m ampci's lowing through any 
portion of a circuitj and thy thin tine ivpicsriit* the corresponding 
curve of K.MK. in volt** which i> imjtfi^nl it^»i>n that pojii..n p the 
Kite of development of eneigy in waif-* at an\ iiMaul a is equal 


y*' *' 





to the product <> f the ordinalrs ttl tic, ulA li represent the amperes 
flowing at that instant and tlu* impress* d volK Hv thus multiplying 
together a number of ^imiltam^ins vahu* of fli<- imj tressed K.M.1\ 
ami currnitt, and plotting their pioducls along tin- sum- horizontal 
axis, a third eftrve (shown with a th.uflil fringe in Jog. 4d) is ob¬ 
tained, representing the inst animism rate of divelopiiHiil of energy 
, in watts throughout anmt ire^xriod, and flic* arc a whi«a> it encases, 
being tjie product of power and tune, represents work done. In so 
doing %te must gay attention tf> the algrtirp: signs of tfle E.M.F. 
and current, all oiflnatcs above the horifoidal line being reckoned 
aw-f and alUbelow as - ; ari(f further, if their produrt be positive, 
it "must be plotted aV>vc the horizontal line as positive wyrk ; if 
negative, belew it, ^negative work. Sinte the pnjjhict of two 
quantities, one # + and the other- is iiegative, the product of twu 
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ordinates is both arc above or bolli arc below the 

horizontal line, ie. positive* work is done only when current and 
impressed C.M.R ar(: u the same direct ion, « 

The positive ^voik oi an alternator is the sum of two separate 
portions. One part is exjxmdrd in heating resistances or in forcing 
a current against a oack K.M.I*.,<tiir to ranges external to itself, 
as in transformer*, both being,useful work vi far as the alternator 
is concerned. It i-» developed at the rate i l R watts, where R is 
the effective resistance, as fk fir cJ in jj 4. The oilier jiait is tin* 
woik done in the cnalion or i (’-establishment of the magnetic field 
of the circuit as desci ibed ia § 5. The negative work is due tv the 
liberation of the energy stored in the magmlic field which is ex* 
pyiuled pai*ly in heating the ohmic tesi stance of the circuit aiul 
partly in driving the machine as a motor. 

In each hall-peril*., inyiitue of l he growth of the magnetic field, 
energy first passes outwards from the circuit inlo the surrounding 
medium where it is temporarily stored, and then at a later stage 
in the same Imlf-j^nod this stored rheigy is returned by the sur¬ 
rounding medium into the Conductive circuit. The final result 
is that when a ^priodic alternating emrent ha* been established, 
so far as the ni-garlic stress upon the ether comcimd.the net 
eiiuigy widt h lias passed in either one of the two directions, i.e, 
either into Hie siiirouudiug medium or uiit of rite medium into the 
circuit, is at tin* end of a half-period m any whole number of halt- 
}K:riods Zero. If the duration ot a poind . nhsidi rubly ■ xceeded the 
lime ol one ievolution, say, of a sham-engine, tin latter Mould be 
called upon to develop hls( mori and then Jess than its average 
power ; but since in alternating circuits as < .annu l. ially used many 
complete periods invar in the time of one 1 evolution, the prime 
mover docs not show on il> indicator diagram any sign of difference 
in its rate of doing woik, s «, far as (Ids is dependent upon ill- read ion 
of the magnetic field. The rhythmical fluctuation of the power, 
as energy is alternately Uoicd in or released from the field of the 
gene uit or, is in practice obscured fmm our view by the mcilnmnal 
inertia of the fly-wheel .Kid other moving nails which suffices to 
absorb ol give out the necessary energy as required by its electrical 
analogic ol inductance. * , 

Thus iR (when R is not me-rclv the ohmic risictanrc but is inter¬ 
preted as explained above) represents thn energy component of 
the E.M.F., and its product with the current corresponds,,to the 
net expenditure of enerpyrwhile tin 1 product of t $ with t corresponds 
to the energy which surge^ to and fro between the conductive circuit 
and the 'medium which surrounds' it. Consequently the total 
effective work done by the alternating current and E.M.F. in one 
complefe period, or the total energy t*an£.f«r:ued from electrical 
energy into heat or other useful work, is measuicd by the net area 
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enclosed by the fringed curve in Fig. 40, then the two negative 
areas (shown black and marked-) are addbd together, and their 
subtracted from the tw» positive areas/ ft will be seen that 
the undulating form of the rqjvj* is due tirthc tyrt that chi rent 
and R.M.F. are eontiimallv varying. l§nt the appejirance of the 
negative (shown Mark) power, or the double frequmc^of the* power 
transference is solely due to the 4 |!h* " <"d the cufivnt curve hi hind 
the imprtf-tri E.M.F. cmw? by iois'ii <-fvhii|i ibe impressed 
F.,4f.V. and current can lie m opposite dit'vhoii', The physical 
explanation of the negative Auk in the aUcimklr is that the diri-c- 
ti>jn of the armature current displaced ii* pha^e Iveume-. j*-i iudii ally 
*-»i related to the field poles that it in diivitig the nw hine 

a< a motor. Tin* greater the lag of the Current curve, Jhe sin; ■ll'iT 
the net amount of work done. If the lag were t.^am.iimt to as 
much as a quarter of a period, the entire innut nnve hi mg 
retarded in phase by an angle uf 90° as cdiupaiid v ilh thr* K.M.F, 
nine, sol bat the current value n ?* -to vh«n ihc impiissrd*K.M.F. 
is a maximum, awl vice vend, then in oaili liaH-p*n<<J ihr negative 
area is exactly balanced by :m equal positive area, and the net 
work done in a half or any lumber of halbpiTioib vp»u1d he nil, the 
explanation being lhat the magnetic fii M Wouliljltrii he giving 
back as much eneigv in on. (|naifer of a p< iio«l as was previously 
stored in the pri-*eding <|uartei by the sounc of flic impressed 
K.M.F. On tin* other hand, if there is no ijihntan e and no lag, 
there is tm«iegative \toik done, sure I In phases of K.M.F. and 
• ui'eut coincide. .th ijih s are ideal, but sin- to iudieafe the 
theoretical limits*to whi*1i practical ca^-s approximate, and as 
a circuit realizes one or other ideal more ■ 1« t IumIw it iv classed 

as either an inductive or a non -inductive i in nit. 

(rivet), therefore, t he t Wo curves of implied V. M.F. and cun nil, 
a curve <?n be deduced whose alia npieseiils 1 1 m- work rh.ne^and 
whose ordinates reprisal the power (b vetopi d ,fl any iiManl. Tib* 
mean power or mean ia^r of development uf i-wigy will be the 
t|ieau of all the values of the product* of <unent and impressed 
I^.M.F. taken over a sufficiently long tfhi^ ; sim the positive and 
negative half-wa^v- of sftul emient are in ea«h ra j* alike, 

il will actually PuflVv to take the n:«ni ¥ l all ilie values dimng one 
h.df-peri<*1. The yuan value of thejinwei during one period will 
evidently he represented by th* nmfn ordinate to the cittvo of power, 
* i f. an ordinate On (Fig. 49) of sigh a height that when multiplied 
by the length 00 ' the an a of |hf; n-rUygle so formed QdtfV, is 
equal to the net Voik done, or the diffeienrf between the areas of 
jmsitive and negative work. ■ 

the whole of the aJbove is applicable not only to any portion of 
a circuit, but also to circuit as a whole ; in the case of aif alter¬ 
nator supplying energy to the external circuit its output or rate of 
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development td energy in the externa] circuit is equal to the mean 
ordinate of a curve formed by multiplying together simultaneous 
values of the P.I*.‘impressed on the external circuit from if . 
terminals ami of the on rent flowing in I lie circuit, Ttius in Fig. 
40 if tint curves give si mi jUgucous readings of the volts and an.porcs 
in the external circuit of a single-phase alternator, its output, as 
shown by the mean ordinate to the |hj\v<t curve, is 26 kilowatts, and 
would be soh rordffb n a wattmeter. 

| 11. Th* power factor of an alternating circuit— In the theor¬ 
etical rase of an alternating circuit having no inductance nr capacity, 
but simply ohmic resistance. 1 he .product of the effective or virtual 
or rwU-tnean-square values of tin* volts and amperes will measure 
diiectly I lie mean power therein fleVehijn d. But in the more 
geneiul rase of r t f.-iiciii! having inductance and raj wily, the product 
of the Vmean scpiare.or R.M.S. values c»f the K M.F and current or 
El is the apparent power of the circuit, and will be greater than 
the trut' power if there be any phase difference between impressed 
K.M.F, ami cm rent. The 1 ratio of the true power or w'.dls to the 

4 4 1 

apparent power or watts is called the pmeer factor of tie circuit, 
fn the rase of in uit which is either iij/ti*inductivi- or in which the 
K.M.F. and lln; current are in phav by reason of the capacity 
effect exactly balancing the inductance effect, the power factor is 
unity, but in all other casts it is some fraction less than 1. Its 
value may be obtained from lire ratio of the wait meter reading to 
the product of the ammeter and voltmeter readings It tin- same 
rirruit. Thus tin- apparent power of the alternator of Fig. 40 is 
2255 volts x 12-1 amperes ■- 27 0 kilov*ijt-amperes, while*!he true 
power is 26 kilowatts, whence the power factor is 26/27-3 — 0-95. 
A calculation of the power of an inductive circuit traversed by an 
alternating current can, however, readily be nude, if it is per- 
to assume some simple law to govern the periodic variations 
of the E.M.F. ami current. 

| 19. Simplification bj assumption o! a sine-law hypothesis.— 

In $ 8 the effect of self-induction has been expressed in general 
terms independent of tip* S.wt siinpe of the curves drawn and 
assumed, but for the purpose of the siVupler process now required 
the curves are assumed to ^beyci sine late. From the mathematical 
nature of a sine curve, it follows that the curye derived from it 
and expresstig its rate of change \vill v Iso be^a sine cu-vc of the same 
periodic time, but differing by 90° in its phase. If, therefore, the 
current uirve in any pi«y of altewiatiug machinery follow? a sine 
law and if its induclarfec be strictly Constant throughout the whole 
inriodie thne. so that tliJ flux-lines due to the current are strictly 
proportional to the current am^ follow simultaneously upon ts 
variations, the curve id self-induced lipka^ (Fig. 38) will be a 
sine curve ^consequently the dotted curve derived from it, which, 
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when inverted. represents the $elf-iiHlucediK.M.l\,*w'iU also be a 
sine curve of the same periodic time l>trt “differing by 90° in its 
^frasu. Firfher, if two sine curves of the, Mine periodic i ime be 
compounded together, as was done in 5 8, the (hud eutvo so dm hired 
is a sttie curve again of the same period^ t inn-, but rlilfcjing in phase 



1 from oithej r»f llr two «vinj>oni>nt>, and therefore tin; rurv* of 
impresari E.M.F. (in Fig. 39) w^t be stuli a curve. Fig. shows 
the combination <tf tw° sine curves to form a third* and it is therefore 
the counterpart of* Fig. 39 ojj tho supposition that botft current 
an) E.M.F. aV sinusoidal. From a comparison of the two figures 
it will be seen that thJtfuci difference is that in Fir. 4) th«rt is a 
definite angle U lag <ttf° in the diagram) between the hinml ami 
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impressed E.B1P. curv&. Not only does l he current pass 1 1 trough 
its zero at a ecrtldn angh* behind the zero of the impressed E.M.F., 
hilt it parses through its maximum wuh the same angle of lag. 
Further, the inaxmmJn ordinate of tin* resultant E.M.t. coincide 
with its point of intrrsi-ci itjji wit if tfie impressed E.M.F., a rid*lastly 
the maximum value rd the resultant E,M,F. is necessarily Itss than 
tin? maximum ordinate of Ha impressed K.M.F. The effect, there-' 
foie, nf constant iuductaii'r in any portion of a t ireu : t*travelsed 
hy an alti-iiialing i in lent is to ihifl tin- entire current niivc bach- 
wards l»y a constant angle of lag, and to reduce tin* height of all the 
ordinates ■>( the resultant F,M.F.,,rin ve a-» cnmjiand with those of 
tlie imptcssi-d K.M.F. curve. We thus obtain three sine curves, 
representing respectivelv-impie^-d K.M.F., vjf-indu<fd K.M.F. , 
and resultant K.M.F. m < oumt, mutually related in one another 
1»y simple m.it hem.tj i< a| laws, so that from any two the third is 
easily deiiveil, and hom'Jie iiiatln inalh.il natiiteof sine curves ive 
rail go on to deduce o| lei larts ris|ni ting I lie I hr re i elated fa< toi 
Now Ihe assiimptjoii ihat in any given alteinatoi tin- thru- nitvi-s 
are sine ctiri ts is not by .my t.neans necessarily tun-, Jmt experience 
has shown Ifial in modem maehtiies my gn at emu arises in theoiy 
o| pia' th e |irjm\issiiining ih.it lhr y art sine imves al least for a 
first approximation to enable practical problems to he nadily 
Ileated mal lieiualically and gtapliii ally. Tlie iilivcs of impressed 
IC.M.I'. of modim itiai"is do chicly resemble sine mtves in 

their general ualun , and so ;tbo but to a In.s d'-gter ii<> the curves 
of nureiil under normal condition-, ot working. 

| 13, Power factor given by the cosing o! afi$le of lag on sine 

hypothesis. II simultaneous values >1 tlie oidinuie* of two 
simple sine curves of equal peiii-d, but of different amplitude and 
phase, be multiplied together, it can lv shown mat hemalicallv 
that Hie mean of all the products so obtained is equal tq lialf (lie 
(imfii- t ot tin* maximum vahns of I be tWo^ets of ordmates unlit i- 
plied by the cosine ol the angle which expresses their difference *4 
] dulse. 1 fence if the two .curves of K.M.F. and cm rent be sine 
ruives as in Fig, 41, the mean oidjnatr to tin* power curve can 
be thus directly obtained ; if c<and 1 be the impressed IC.M.F. and 
alternating cm lent at any instant, and E k ami I he fheir maximum 
values/the ntfau value of or tlu* mean iate of expenditure <4 
energy on t^e circuit tim ing a Ikdf-j^niod or any vfioiv number of 
lull# [winds is J E,Icos where*^ is the angle of lag or difference 
of phasejietween the impressed K | M.F. and current. \ 

For any function 11 vat obeys a sine law, thtf cKcctivv or virtual 
stands to4he maxi mum value as 1 jyfil to 1, or ik 0*707 of the maxi¬ 
mum value. The product of two virtual vjdues is 1 thus always 
equal half the produet of the maximum'values. If, therefore, 
K, and J 4 be the virtual values of the terminal voltagt* and external 
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current ol the 

V, and I* 

^ U 


diigle-pliasc alternator, tlm Maximum values being 


V2. r g X y/2I. 

o . , 




llvuar l?k- output ni the aheniatm i:> V 4 iial t*< //n? /tan/wrf i>/ 
Virtual vvliagc aiut virtual ampcr&'inttUiflitJ by* ihe m tu*int of tht 
*wgU of lag » or cos utid in tfiisj. nil ij i-usually i-xpirssnl, 
• bring flit* power-factor ofctl*- I alio ot the Itur In ihe appal rlit 
watts. It will Ik* Mtii lat«*T that tin- value pl’llie powndactuv 
varies with the nature of the h>,ul. <\j» k wlulhn the alternator is 
lighting lamps (litivtly^n thiough tiaiisl.>i niei^, i«r is driving motors. 
So small an angle of Jag a- that whwh has Unu ilhisliutcd 
above, or So hi^li a powvr-f.u loi as 0 95, would mutual working 
cm respond to ilu- rase of a machine liglitiujf lamps dimlly «a 
eoinitvied to fully loaded tj.md<>nncis waking oji mm mdn< live 
loads, * 


$ 14. The mechanical torque in an alternator,. In Chapin IV 
$ t> it wa> us-miiit'd that the all rt tut mg vihi mi was fn phase with 
ihe impressed hut it f is now e\idrnt that this will in gcneiul 

not he the ease, so Hint for thi: UVelngr toicjno 1 lie rXplrssioiis 
given in Chapter IV S; 0 (6) on the sinusoidal hypothesis will 
require In he nmlfiphitl hy tin* nNiii 1 «-1 the single of lag of 
the current behind the i uive of au assum'd^musi-idal ltsiiluuil 
field, 1 • * 

The etfeet r>f afinulme leanimi in the .'dt'ih.ilm has hern tit itled 
above on* the 1'ielj** if lw^ >uprtj*»sed held", the "he of whieji is 
tfh: main held due to the Held « Xfjt.it ion, while tin . it Ini is si If- 
ini hired hy the annatllie ruilelit. If lm\v the external uimil had 
no inductance, ami if tin* two inmpoiirtil th Ids of the alternator 
were >tiie|Jy <*niifined to one and the same magnetic * in nit 01 system 
of circuits, the resiillaut < urve ol the tn Id--density would coin’* 
spond precisely in j»ha>e with the uun-ut ninr. Under these 
«jfeuiiistaiiccs tlie djiu tiofi of the tany-«iti.il drag on the armature 
Wfcmtd he always opposed to tire direct* >11 of fcHuliou, and would 
merely fluctuate ureal Ijf in amount chinny tin* peri- d in a single* 
pha>o alternator Hut as a matt« i*of JaM the magnetic: c ircuit 
of the self-induced flux is not entiiely the same as thffl of th? main 
Mux. So far a%*t £ separate*! lie #nse linn becomes ;«uilogous to 
•F»g, 39, amj the* ctAit of fly x-density m the main held Corresponds 
to an iipjiressod curve of K.M.l'. ; the prmlurt of the instantaneous 

* » * 

* Alao in more con^>licAted ca«^ tlic dislribftioii factor of the winding 
enl*s» into the question, ah foreshadowed in Chap, 1 V, $ t>, so that the average 
torc|tte is more readily emtainod through tire division of the output by the 
speed, »,*. from the watts fwr rev. per mm. Both cycprc«fioni hav<*, te faet, 
to Ui used by thft designer,* # 
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values of thbv with tlw current valuta fur the name instants when 
plotted will now give Ur tain anas of negative work, as in Fig. 40. 
'Hie current in tin: .‘ r mat lire conductors lags behind the indue* o 
K.M.1\ and brhiml tun lf 9 curve; (he result k that the flirtation 
of the pul) on an a« liveroi'ductur < hangrs four limes in ea« h period, 
arul twice »t slioit intervals riming earl* petit <1 it dtivc> the alter- 
nator forward* a*> a mot of, t.i gives out mechanical energy iitsdati 
of absriibing it. If the i-xtejnal t in tut itself lias inductance, an 
entirely separate magnetic circuit (er t in nits) is evidently added, 
ami then? is a still greater difference between tin* phase of the main 
liejtl ;uul that <4 the cm rent, hi <■!Ji«*x words, ihe angle of lag is 
increased, ami tin; for waul impulses on the mat him* become more 
powerful and last longer as compared with lhr h ekwaitl (hags, 
although the y must always he less in amount so long as the mat him: 
continues to act a* a grm-ratni. Thus the mrrhaimut foiees of 
a single-phase alternate?, owing to its own imlm tann nr still uinie 
to any 1 inductance m its external circuit r are ot a " racking ” nature, 
which subjects i 1 to stiditis of gieuter seventy lhan are found in 
the equivalent continuous-current dviiamo. 

| 15. Vector diagram for inductive circuit. Although the methods 
ot § 10 oi Ki have given the net rate at which u reversible 
W( rk is clone, they have md definitely detfjmiind at ra< h instant 
Imw far the impressed K.M.F. is consumed in overcoming the 
effective resistance of the circuit and ho\v far it is consumed in work 
upon the elastic medium 'Unmimlmg the «bruit. Jhd when once 
it is asstmled that * Umustant, and that there is no hysteresis 
(Chapter XIV so that the'magnetic fhix’’follows the current 
changes instantly willmut any lag in point of time and inrt he: in strii t 
proportion, then if any one of the three Ji.M.F. curves is sinusoidal, 
all ale, including the nnreiit cmvir whili is proportional to the 
f r nfrve. The K.M.hYs and current being simple harmonic funo 
fions having the same periodic time, tl:.*y may be graphically 
represented by rotating ladii or vectors combined in a single clock 
nr time diagram. I hence u]K>n the sine-law hypothesis wc are 
enabled to deduce immediately n<4 only tire net rate at whrh 
irreversible work is developed ovc; any cuffsiderable period of time, 
but also tin* rates at which o«ch of the different’kinds of work is 
done ?U any’particular instant. 

lad timelu* reckoned from th^ instant when the rjrrent is passing 
thlfmgh zero, so that its value a! time l is i -- I sin <ot. Here and 
thmughput in such (expressions based on the sinusoidal hypothesis 
it must always be clearly home in mind that t* is r a purely electrical 
quantity*; it is the electrical angu’ar velocity 1 in radians per see. 
at which a vector must rotate in order to complete / revolutions 
in a ftvundj where /.is the number of cyttes or complete waves 
which an itlternating function passes through in a'second. Thus 
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if T 9 » the periodic time in seconds, / 1 ft 9 and wr« 2 vf radians 

wr sec. Tlie Utter only becomes identic^} with* the mechanical 
angular velocity in tbc case of a rotating 2-pjde machine in which 
one revolution correspond* to one complete c\v^ of OU*. oi 
' current. When meihamcal aiul ihctriiud atiguLu velocities omii 
in the *Ame expression (as in Chapter 1\ § 2) and are liable to 
tonfiMon, the latter may be dis\rtigui>tu’d by a subscript as u f 
- /> timevhe mechanical angular velocity, o*. 
l'<>rre'iM»uitmg then to i X>in to/, m l : tg. 42 the tnm oi angle 
tnoved through in terms <4 ;?hi]VwlaT machine i,> iV.koixc) hum the 
instant when the ratlins OR, wfause length icprrMiits E, ■ fi’I, 
the inaxiimnn value u( the " active " m resultant K M.F., loincidi^ 
with iln horizontal axis ; its projection on the veil it a) axis is then 
i”n>, eniir-|MHu1ing to Z>ui cut rent, » 

Tlie instantaneous value of the the self imhna d K.M l : . js thus ■ - 



Jims the curve «>t -Mlf-jnducrd pass*-^ tinmigh Jti-m oi a 

maximuTn o^mv parti< wlar pm nitagc ot the maximum at an ai lual 
time •- rr 2ft) -.ivrtnd* uft< r the nit rent has passed through '/.< io or 
ils maxidnmi. nr Tie percentage value of its maximum; 

t <*. relatively to the current it Jags behind by a quaitei of a com¬ 
plete period, or 90". This rdilivt phase dilhnnci js of thief 
interest, and i> given by Vie lei in - w/2, tin negative sign showing 
that it is ^ « i+i‘ of “ lag." 'Hie self-indim d is t brief Mr a 

sine luicfii.il iif which the maxiimini value jsE, •- to /I and wlii' li 
U at its negative maximum when / — 0. lienee f anothet lolating 
i;yhus be drawn of^engt l*()S - E, at :m angle of Mf)° behind E,, 
oiwn/2 - oti behind the horizontal OA' at tiit^instant /, the projec tion 
of ihi* vis tor upigi like fi rtifal iftci* will ul any moment represent 
tin* mstaiifanmt* value of the seH-inJue^l K.M.F. The niaxinmm 
value %* g of the E M ,F. Consumed by the self-induct ioif nas the sit me 
value, but IcaiLsifcv a quarter <4 a befoj, the niri«nt, and is 

therefore represent^ by^V- Til# impressed M M.l\ c t must tWHi 
at rarh instant not only counterbalance tfu-JC,M.F. of scif-iiyiur.tinii 
by its component**’* but also yield the resultant K M F. r f -- lit, 
it. algebraically . Pitl/dt -|- Ri We liatA* then only to roinplein 
theiiaralU'log^im. having for ils side OS and for its diagonal Off, 
to raid the direction aiTti» length of* OK -- Exilic maximum Gallic 
of the impressed E.M.r! Or we may produce 05 t<T give the 
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maximum value OS* the E.M.F. consumed by self-induction, 
and compound this with OR. 

TIm: complete tizite or clock vector diagram is given*to the lt*ii 
of Fig, 42, and by its side arc plotted m wave form the instant a rut us 
values of e r , /.and i, soth.it tld: c">nespondeju:e of the projections 
of the rotating radi ; upon llm vertical axes to the mstaitfatuims 
values given l»y lire rurvis wh.n plotted by the method of net- 
angular i:o-oidinntes may be seen. •Tin- position of lie* rotating 
radii relatively to the horizontal ax*', wbiili luis bi-cii chosen fur 
illustration is shown by the dotted projections to correspond to 
20° later than atrr« time. ‘Hie maximum value E, is assumed to 
be !,l)0f) volts, and of E r to hr 500 volt*. Tut he right of tin diagram 
is plotted the instantaneous value of tin’ rates at which energy is 
either being s*ojed magnetically in the medium surrounding the 
circuit or is bring release d theri-finm, or is being expend* d in heating 
the circuit, or parity il tuny lie in useful mnbauicul or t It<tib al 
wmk, since R U the i lfn tive nsi-4aiur as defined in § 4. 

| 18. Active and reactive components of impressed K MF or 
current. Either, therefore, the active K.M.E, may be ng.irdcd as 
fhe icsuhaiil of tlie impressed and seTf-jndund i , '.lf.I , Y> or the 
impressed K.M.ln may be resolved into the two components (1) 
tin K.M.F. consumed by self-induction, and (2) the active H.M.E. 
which drives the nim nl against rlie resistance of the circuit. The 
vcctois of these two roni]H»nm1 E.M.hYs being al right angles to 
and along the vector of the an rent, the ph;w' differ^'ce i>rtuvcu 
the impress'd K.M-F. and the < hi rent ri viine angte less limn 90° ; 
a certain amount of effective w'tk is sponl ud fully in the circuit 
in each half'period. The instantaneous values of the two com¬ 
ponents of the impressed IC.M.R, namely, e t and c\, are shown 
dotted in Fig. 42 as obtained by projection of their maximum values 
on the vet tirul. Wie n the piujatiuii upon the v*r rival id tlie 
imxiimmi rftOYi component E r — R1 is multiplied try the propetinu 
of the current I at the same instant, tlie product or Ah * is tlie rate 
in watts at which energy ^developed in file circuit in a useful form 
or as heat, or both. When.the maxdimm rrrfv/utfcoiiq-oiknt to /I, 
which is in quadrature'with llu* current* is projected upon tlie 
Vertical axis and multiplied by the simultaneous 'project ion id the 
current, the ptoduct nr i.lfdi/Jt is the rate at which energy is being 
sforial in ir released from the medium surrounding the circuit. 
While the latter has twice the frequency ol the’titer rating E.M.F., 
and in i\py half-period is first positive and then negative, the former 
or the effective work it always positive or abo'e Kie horizontal line, 
and simply varies from Hero to a maximum anti back again to zero 
in a half-period. Further, it is seen from E*g. 42 that in a half- 
period the gross power of the generator is At first spent parity in 
storing energy in the magnetic field and partly effectively in its 
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useful work ; ^tcr a quarter of a period some of the effective work 
^ obtained from release of the stored energy, and finally this not 
only supplies all tb* effective work but also drive* fhe generator 
and returns raergy to it mi < hanically. In the next half-period 
the same proi>*ssi:s are related, so that the prnier curie of the 
generator it!tortuites icith twice tite frequency of the E.St.E, hr current. 

The two components of the impressed K M.F, have also been 
called respectively the energy E.AI.r. and the wattle 05 but 

the terms are not 1o In: recommended, since the instantaneous 
reactive watts ar»* just as real as 'the energy watts. The only 
difference between the two is that tho time integral of the latter 
can be used and therefore sold by the central station manager ; 
the reactive watts, mf the other hand, although not directly a 
source of loss or gain, since the corresponding energy is recovered 
immediately after it has ljc**n expended, yet are indirectly disad¬ 
vantageous, since by “reason of if inn a greater current-carrying 
capacity is called lor in the machine and cables for a given amount 
of useful work deveine d, and regulation for constant volts is 
rendered more difficult. - 

The complete solution of the equation for the instantaneous 
Value of the current. 



is Usually given in a f»i m which reckons time fm.n the instant when 
the impressed K.M.I', is »»r*i, that 

Ri I- — e i --- E, sin mi 


When a steady periodic stale has been reached, it is 

•• •« 

so that the current is a sine function of the time with a relative 
phase difference Af luggii^JchiwJ the impressed E.M.K by 
an actual time —The E.M.F. of sc* f ’inrluction - y&ifdt 
from the, present starting point is - «*'/ a* (to/ - 
«* <o Vi sin [tat - </> ir!2) ; since it lags behind the current by tIll¬ 
ume nfSo. it lags behind the ^mprqwcd, E.M.F. by the time 

. 

» 

m • • # *« 

If each of the maximum values of the K.M.E.’.s are divided by 
the complete dock diagram of rotating radii is converted into 
a relatiVe phase diagram of virtual values. Although the one 
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15 based upon the other, the diagram showing the rotative phases 
of the E M.F/s has in itself no reference to hfttantancmis temporal 
fc^lucs, so that there is no need to add the vertical and horizontal 
axes which are required in ordej that the clnckj diagram may 
* yield ifesuits from the point of view actual time. The rela¬ 
tive phases are, however, of chief importance as giving'the average 
ftaults of a half or whole period* • The''ptojev'tutu of the virtual 
impressed Ji.M.F. oil to the rtirreM line when multiplied by the 
virtual current, <ir the product of the viitu.il value of the active 
E.M.F, f:’| cos <jt with the turrem /, gives the average active 
watts or the value over a }*.iio4 of tjic vliectiw' jmvser. while 
tin* projection of the virtual value of the reactive 1C MF. sin ^ 
oil to the current line is zero, and c«a ivspoutkngly the u-activc wal1s # 
ovej a peiiod arc zero. » 

Just as the impressed F.M.F.. wheihvi minimum 01 mi Inal, 
ha> above hiru resolved into its two cnuipoheiils, it i also possible 
mentally to resolve the cm lent into two 'oinpuiitiits along ;fnd at 
right angles to the impressed K.M.In, the loinur U in^j a s<Mulled 
eiieigv or wmkjng current and the hitter a wattless or reactive 
current. Such a mental !cy>1uti"ii of t h» tin lent vector when 
applied to its maximum value has not, however, the same pli\>i<al 
inith as the analogous resolution nf the maximum imps ssn IOI, 
since when the components arc piojechd on to iJi<- vi rtual and 
multiplied by the simultaneous projection of rh# impress'd IvM.K 
the instafliaifcMis rales f«»i the healing and magnetic work irsp<c- 
lively are made th appear in frwiscd onlei in linn-. TIm* reason 
is that whlb* the inynvsN d^lvM.F. «an trulv be revived into two 
componems of which the one may appear below ih»* hotizojilal 
axis with its projection opprisjug the projection of tin- oilier above 
\ lie horizontal axis, the i csehtt i<>u of the i uneiit leads to one cnin- 
jx»nent eiir^-iitvat times opposing the other < <iinj»oinnt ; tin* Idjcr 
' oiupomcit> <lo not then have any real pli\sie;d i«xidenn', sir» e in* 
nature the «urrent can onlv flow m one duration. fhe resolution 
i urn at is therefore tinnal as applied to the instant annuls 
Vahlts or the diagram «f maximum tolar Au; radii, but the method 
i' perfectly valid when implied tft tin phase diagram of virtual 
values ; ti then yields tile >arne \ahie %.r the avi lage rate at which 
effective work is done in the riiMiit, as the i ipiivalerA resolution 
of the E.M.F. finis the prodiv! of the virtual w«<rkiw current 
Pro* ^ withal he virtual impress* ddvM.F. gives the active watfs 
over a period, while the projection of 7 sin^ on to the impressed 
K M.F. is t\'xt\ • „ 

I 17. Magnetic rwftctanoe and impedaotte. -■< )n the sine-law 
assurdptions nf - a sinusoidally alternating E.M.F. or current and 
of coffctant y. the quantjt" <u / ^ 2 irf ' is swrq to express a funda¬ 
mental charactcristic of the circuit or conductor. Ti is known as 
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its magnetic reactance*-, st is also symbolist! by X, and is expressed 
in ohms, since ib diiMnsioti* in terms of length and time (the true 
dimensions of ft, ih» permeability, being unknown) are th'rsr of a 
resistance, to which, in fart, it,*', analogous since its product with 
the current gives the nw f ivcf volts. r 

The vectors of i*it]i«'Z I Sit* maximum or tin* virtual vahirs of the 
active and readiw volfs befog at right angles to tine another, 
with the imposed volts' as tin: ftypjt.-nil^ of the .right-angled 
triangle formed by them, we huvt*’/.?. in the ease of the virtual 
values 

K, * V7i,* I «,* Wit'.or '• /v'/P-Mn*;* '* ( ,7 ) 

Tin* combination <4 (In* n dstaii>Y and of the magnetic reactance 
in tin S|K» i;d form y/Er \ • e* a ' a , being the s<|U:ile rout of the stun 
of their squares i-ekuowii a-, the impedance, /., of lire portion of an 
inductive i in nit whielus under coudd.-Jatimn and is also measured 
in nlfms. The relative angle of lag ^ of the current In hind the 
impressed IvM.lv is ihift defined by any of ihi- three relations— 


tan tj> 

M ' 

A' 

A* 

\ 

A’ 

A 

1< i< lnU< <- 

resiitaiiei- 

It d slant < 

. (iHn) 

1 PiiWti fai*loi,<o> (f> 

V A- | ur 1 ” 
A 

/ 

A 

imped. m<< 

i i’Lu r.trice 

. (ISA) 

'in tj> 

\*R l 1 A- 

/ 

imp. ...me. 

. (IS*) 

Ohm > law for a shady 

i iii 'eni, / - - 

A/A i-» 

ihcivfoie 

a special 

foiln of the inoiir gi-nei; 

;d expression 

which 

covers sinusoidal 


alternating cm mil s, / Ii-Z. In Fig. 42 A is assumed tn be 
9H0 ohms, and or ' to be I.5U0 ohms ; die impedance is there!ore 
1,732 ohms, and tan <j> l ( 50t>.8fiti -1 732, whence ^ — 60°. 
The maximum value of the cm lent is ,thu- 1,000/1.732 0-577 

ampere, and its virtual value 707/1,732 0-407, while the maximum 

E, - 86(3, and E r - 5uthveils. 

(iiven any one of ihr. three K.M.FVs with a kuowhdge of the R 
and .1*. i»( lire circuit and of thafieqncmy, it is easy to determine 
the values of the other twq A semicircle (Fig. 43) described on 
lire Impresse d gives the locus of Ihe ends of the vectors, 

uf the ISJtF. consumed by the reactance (C& r )jMid of the active 
If.M l’, consumed over the effective i£$i»taui■' {S'E -= (AR) for ail 
lhe possible combinations that the impressed E.M.1 7 . admits, so 
that a knowledge of either R or X define* ti c case. Or from a 
knowledge of the cum lit and of Jl and X, tiro three E.M.F.’s can 
be determined, * * 1 

| <18. Tha affect ol capadt# in the psemt— The possibility of 
capacity Ving also present as a proj^rtybif the circuit or conductor 
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ha> been incidentally alluded to above, and ih effect must also be 
considered, at first in a general way. Tin- Wuik passing from the 
conductive circuit into the medium surrounding it has so far been 
assumed to be magnetically stoy*^; tlic ellier can however? be 
'stn-wtftmt only magnetically, but also •Jedrirally. as is the case 
with the dielectric film dividing t^e plate* of a condenser. Any 
circuit travefM d by an a) ten luting ctinnit acts in some degui* as 
a eonden*er#aad exhibits more i f >r less marked ca^xu’ity efh-cis which 
may be reproduced by an imaginary condenser oi « ondenscis, 
either in seiies or in ]xiiallef with 
the circuit (tin latter being it sc* 
then supposed to have no capacity). 

When a combn<er of capacity C 
l.uads is rouneetril to a source: of 

its charge of q coulombs at s j ’ • 

.my instant will vary propel tioiutfcly 

lu 1 he difference ol puteiitial in Volts 
at its terminals, o! (} C . i'. The 
-mieiit which ll*ws into or out ol • 
the i'oudtiiM' 1 ", charging or di«]urg- 
mg it, -S at any moment identical 
with llie late of change of q, or 
i -- dqjdt CJi'/dt, With an alter* 
iutiug different <• of potential at its # J io. M. 

i H iuinaJs f \vh«v‘once a *>t c-iffly periodic 

tab has been established, the flow «•( tin lent into ihe tondemei 
is a maximum when (he imposed K.^t.F, is zi in, and as the K M !'. 
iiM-s r the rate ut charging diminishes tmhl, wlan the K.M.l. is a 
maximum, the current is 7 + to, and ihe n>nd<-iisri is fully chaiged. 
At any instant the charge Upon the condense r will, if the nnpiessed 
K.M.F, be tuingmcd to be instant a r.eoiisly withdrawn, set np.a 
< uireut round the circuit in the opposite dircd i->n*to lie- impressed ' 
K.M.F. at the moment of withdrawal ; in ^ kit mu to the rest of 
th<v ircnit. therefore. ;he condenser may b^en diled with an E.M.l. 
*htcMe capacity ~ - <jr/G\ whic h is% xa< tly Itdan rd by a <utnj»oiHiit 
of the impressed E JJ.I'., p!>l as I \if selKindu* ed K.M.F. is balanc ed 
by ihe K.M.F. consumed by self-induct ion* # 

§ 19. Capacity reactance on the line-law hypothecs.- If imw 

it be assumed that ibf nfteniatiifk difference* of potential frupicsyid 
d^on the condenser ffJIows a«ine law, and rec koning time from the 
instant wfien the impressed K.M.F. is 7a\% c ■ • E, sin tr>f* The 
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The capacity currait flowing into or out of the condenser is 
therefore a sine function of the time, and may he represented by 3 
vector of max i mu mj length Co jE* preceding the vector of EM*f. 
Bf fry 90°, Of course, this must pot he interpreted to mean that 
the current actually prrCfdes the E.M.K. which causes it fo flow, 
hut merely tjiat 1 heir phases differ, and that when tKm steady periodic 
stale ha-* been A-wlnd a \ hiuxinmm of current precedes a 4 
maximum of K.M.R by a'quarter ijf a complete period. At any 
instant I here is a rhaige upori,thr foudenser q =? Q sin cof, so l4iat 


H 

C 


^ sin od * • £ sin I w j - 


sin (to/ + ir). 


Tin* 


K.M.F. due lit calamity is Ihctefoiv represented by a vector 
#of length - i 1 ;<oC, and" the impressed E.M.F. mii>t contain its 
loilntelpait flk the opposite direction. 

The quantity I fM' is <ailed the capacity or cotuiensive reactance 
of the condenser, since when multiplied by I it determines tin* maxi¬ 
mum E,MJ'\ dm; to capacity, or when multiplied by the viitual 
value of lliecunvid it determines tlie virtual E.M.F. due to capacity. 
It is therefore to be tmasiufd in ojmis, and is exantly analogous to 
the magnetic * variance w which similarly determines the counter 
K.M.F. of self# induction. 

# The exactly opposite nature of lhe effect* from self-induction and 
from ea|»aaty me evident from the foregoing. Wtu-Ras self- 
induction causes the cm 2 cut to lag behind the impressed E.M.F., 
capacity causes it to lead before the Uiqln-sscd E.M.F. Whereas 
the K.M T, of self-induction lags a quint n of a period \>ehmd the 
mi lent, the KM.F. due to capacity t ads a quarter of a period 
before the current. If, then, capacity and inductance are combined 
m the suin' circuit, the two E. M.F.’s due to self-inductance aiul 
capacity respectively will oppose one another, and this possibility 
lends us to tlu: complete ease of a series circuit containing resistance 
and also capacity and inductance. f 


$ 20. Vector diagnua tor circuit containing resistance, inductance 
and capacity In seriee.— In the above combination the impressed 
E.M.F. must at ohe nudthc samf time supply the active E,Ml.F. 
which drives t he rurrent against tlie effective resiitancc of the circuit 
R, aty! also balance the K.M.F/s due to self-induction and capacity, 
the two latter acting against one another. Hence algebraically, 
> • H . 

■ y Tt +c^ 


Ri 


\ 


• I • s 

The relative phase diagram of vectors will *th^rof ore be given by 
l'ig. 44*(i), where RI 5= E f reprints the adive E.M.F. in phase 
with the current ; OA -- <u 'Jl ijhead uf the current by 90° represents 
the E.M.F. consumed by self-induction. .a!Jd //toC lagging Whind 
the current by 90° represents the E.M.F, required to balance the 
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E.M.F. due to capacity. The two components w ^ / and IjoyC are 
(Jirectiy opposed to each other ; they may'dr may not be equal, 
and in iw ^ase give OB as their difference.. 'The relative phases 
and values are thus again given,by a right-angled tfiangle, which, 
1 eg. in'the case «1 the virtual valuta will have sides Rl, 
l {a> f-i/wC), and E,. # * * 

* • • 



The solutSA qf the algebraic equation fni tint instantaneous 
value of the current* time being reckoned fioin the instant when 
the impressed is ».*£i, namely. 


di t 

' ,rr *' 


gives 


E, dit <•>! 

E. sill Unt <fi) 
ot * *- 


Ei, Mil •*•11 <p) 


(19) 

{M 


,♦ . o» ' -1,W • . • • 

where tan q> -— *. ihe yntual value of the current i* 




/« 



f 


* 


When taj if> is positive, in thc#abow exptesdou is negativ e, it. 
if cu > > 1/(oC,thertirr#nt lags behind the impressed When 

tan^ is negative, - ^ficcomcs po»it ive, Lc. if oj '/< \j(oC t thd current 
Icadi before ttie impressed E.M.F, # As the quantity (0.2 - 1/wC is 
macro larger in comparfon with R, the phases of the E.M.F? and 
current diverge,*and according as it is the magnetic or the capacity 
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reactance Which deAuvidy predominate*, mi will the angle •/ in 
the above equation npprr>arh its limiting values of -f* SO 9 or - 9p*. 
| 21. The total taactance of a circuit, and the. oonditkva of 

refinance. Tm* the quantity <r >- 1/6/C is the reactance of the 
circuit, X , in the fullest srJise of the term, anil Vli 9 h (o> / - 1/tuC) 1 
‘ . . ' 1 
is the total impedance, X. ft:, ivc ^ ( ^ , _ XjoiC] i 

is known as the admittance} ^ 1 /(,* \- IP, where G is the .ro«- 

duciaHic • RjX 1 at.nl /f is the sti\ccptancc X/X*. The total react- 
ancu may he either j>osiijvr or.fu«g;t1ive an ending as the magnetic 
or the (ajiitrity rca< tunn; is tin: huger. I'mther, whenever magnetic 
ami < a parity rea<tann< are both present, the possibility at once 
;tiises that within f be outer terminals, a, c, of the circuit under con¬ 
sideration there m*»y exist voltages much higher than the impressed 
i.c. such an in/reused voltage may exist either between the 
terminals he id the condenser, or between tie- Icrmin tU a 6 of the in- 
durlive resistance,or within both id ihese portions, This possibility, 
which holds equally for ei\U.*r virtual or maxima values, may lie fol¬ 
lowed from Fig. 44 (ii). The vectors o^Jilu? self-induced K.M.F. and of 
the K.M.K, line to capacily living opposed to one another, either or 
lv>th may be tmirh gt rater tlian h' ( . The voltage at the terminal-s 
of tin’ inductive cnil, if it had no rr*v*tauv*\ would bvo> ' l. and at 
the lcl initials of (Jiv mudeiisrl', otl the as-.uiupti« >ti that this also 
has no elfu tive resistance (owing to dii«V< irie hy^ .n sls), would 
he //<■>(-, ami hot h <«[ these atedeleunim'dby t lie Value of the current 
and not directly hv I In: impressed li^ll'. T >c if the portions of 
the circuit respectively have resist aim s r x and r, (Fig. 44, ii), the 
difference of potential at the teimiuals ol the inductive resistance 
is the resultant of Iut 'combined with the loss of volts Ir x , i.e. 
eu frhile the diffeienee of potential at the terminals of tty* condenser 
•is similarly the resultant of IpoC mmluved with the loss of volts 
h* i.e. c k It is evident that according 1o the relative values of 
Jj. ami (’with a given fivquency and impressed K.M.F., either^ e t 
or e t or both may be tmuh higher than h it and there is a darker 
of the insulation being punctured. ' ti 

The magnitude of the Juto^ reactance to / - 1 j<aC for given values 
of J^'and C evidently turns entirely upon the frequency. If .'/and 
C are in any way comparahkvlor > very low Ireqvency the second 
ttfrm will lend lo predominate* and the*difference of j>otcntial at 
the terminals of the condenser v’ili be the higher, while ^or a very 
high frequency thedirst term will tend to«prrdominatc. and the 
difference at the ends \if the inductive portidn will he the higher. 
But in either case the current will be largtiy checked down jrom 
its maximum value of EjR as fixed by thit Effective resistance &one. 

1 S« Steumiets, Alt$rnaHH$'CHn*nt Pk**om*na (5th,edit.b chAp. 9. 
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But when the frequency and constants ar<*>f sucji an order that 
oiJ/and \ jwC apjvoach one another, the cuittnt very rapidly rises 
ilht/l it reaches its greatest virtual value / = l. \i when o>. y — J 'oit\ 
or very rapidly falls off after tliys critical fttqmn<y#is passed,and 
u >and 1 ojC again begin to diverge. Af the particular frequency 
when Ul -• 1'wC, the self-inductance aiui capacity rfjrts exactly 
irtmul one another, and tli< 1 tola! reactance is zrfn. The angle <f> 
is then z< Jo >*i the fumiit is hi phu>e with till* impressed K.M.F., 
and the circuit acts as if it Wire a simple ohmic iesjsfanee r A 1 , -- 
so far at h ast as tin- iinprvsstd K.M.F. and vuhv of the current is 
concerned, Complete electrical nsotuirje is thus present at the 

ritical frequency wlu n to ' *•- }f<oC t n to r Jif. since # 

<" -V. w1 ""/ : kJ-Ti; ■ ■ . * ■ (IW-) 

Th»- iceiprocal of this frequency, or 7, l?rr \ f . is tin ■ natural 
p«iii?d i*f discharge of the vitcuit if it was fiist 'hatred up as a 
i'hikIi liser, Hetjce ail electrical cirnii# is said t«» la* ie>onant to 
,m impress* d pressure when4l> natural period roincjdes with the 
peliod of the implissefl K.M.F. Till* physical explanation ot tile 
tact that when the magnetic and capacity teartaiicis exa< t?v 
niimulizc one au -tln i the liicuit acts in an alternating K.M.F, as 
.i pure ohmic ie>idann, and th«* \ittu:d cut rent •* a« In s its git atol 
value for giv ;* value* of*/’, A*. and C, is simple • in such a case 
tie* i.de at whichVurigy is bring stolid or released at any instant 
in the magnetic field ■> precisely the*same as the rate at which it is 
being released or stored in the charge of the condenser. Just as the 
< th>T is being released from the magnetic stress, ii becomes stressed 
« hrtricidly and at the sumi* rate, so that externally, as il w» lectin* 

• itcuit ap[^ar^to a I as a >imjdt- lesistanre, and tin whole of the 
impressed K.M.F. is sp f -m in overcoming the ifT^five ii>istan<e 
in the developuierit ot In at nr useful \vojh. g 'Hie imigy which 
l"*yig iransfvrred backwards and for wu iris be*wren llu indtutivc* 
resistuivir and tin* condeiisi-r may be rum fi 'pu-ajh (ban llu: energy 
unjiaileri to the <yrntil T»v the generator, and indeed hears no 
relation tben to, Wilt is o>t relative to Phe d< wjnpmi ut;>f inrn.a^d 
voltages betwivn llit^ terminals of the yarn d<visions of iho circuit. 
Tile fri-quew'V ohcomplete rcs‘4lanc# gives the maximiiflt possible 
&'*• of voltage within the circuit, but at any frequency approaching 
this ci iticM value surprisingly high foliages ipay arise ev«n in a low 
voltage circuit. A* a general rule in alt f runt iifg circuits the ohmic 
r distance is very bflv as compared with I he imjnessetl K.M.F., 
and, in the absence of a high usefqj back E.M.F., the current is 
kept'within bounds by jl\e inductance ; yet if, as may yery # well 
happen, the capacity by itself checks down the ninenf to somewhat 
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the same vaFuc,as thit to which the inductance by itself reduces it, 
50 that the critical state of resonance is approachcd, a large current 
and very high diiT«j*nccs of potential may ariso, witji coaseq^ent 
darker of tlidinsulation beconryng pierced . 1 

In the extreme rase when the resistance both of the inductive v 
portion of the circuit ami also, of the cnndriiser is negligible, and 
when resouince Veins, it t an*In- vm from Fig 44 that, so far as 
the rest of the circuit fronicio a through the general o. - >; concerned, 
tin- combination.of pure mduftAnft: and of the condenser acts as 
a jK'rhrt conductor ; a current / ^ E}R flows through it where 
R is the resistance of tier rest t.f the cinuit, but then: is no P,D. 
between the ternfinals a , c. Tin; virtual voltage between a, b is 
♦equal to that between h ami c, and each is equal to iV *jC> giving 
the max ilium i rise possible with the given R. The combination 
cjf equal magnet i/’amf capacity n act antes would thus art as a 
short -circuit, wvtc it not for-the resistance of the rest of the circuit, 
and if this wen* a*n» w»* should have an infinitely large cut relit /, 
anri infmiMv high potential, but no energy absorbed. 

| 22. Vector diagram fof an inductive circuit in parallel with 
a capacity* each with resifltance. Th« r « urrents in the two brandies 
ait' algebraically 


E, sin (wf - 6 t ) . 
i. ^ . .. „ when* 

y/R* IW 




tan 


w 


E, sin (r/W -f 



when* tail 


h * taCK, 


or in virtual values 

.VRflt'f 


I, - 


I, 




I 

v>H 


As the inductance nr the jHisifivc reactance »mortised relatively to 
the resistance, theeuirent I x in the inductive branch lags mure and 
more behind the impressed EtM.R ; as the fcapqpity or negative 
rehctance is increased relatively to tip? fesisiance, /* in the com 
denseri>ranch leads more and rnpre ahead of lhe E.MJF, * The two 
currents thus become more and more opposed to one another 
(Fig. 45). and each nitty be very much greatw than the resultant 
current / in the circuit as a whole. The leach joining the inductance 
• . * 

1 Cp. Cour and Dtagstmh Tktoty amfrCauuUition e/ FMctricol CurrtnU, 
translated by Dr. S. P, Smith (Longmans), p. 213. 
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and condenser in parallel might therefore*become* overheated, 
even though the resultant current through fhc romDination is but 

Tlius, if a certain inductive instance gives a l|gging current 
* /j and #condenser is placed in |iaralle! witC> it, the mw joint current 
can be made smaller than /,. anti at^ flu- same time be bjought mote 



“a C 


frnmrigr 


I'ltp 4S —ImlncisUK i' am! rapacity, each willi r^i italic**, in pantllil 


neatly intn pha*e with the KM K uj t ssed al I lie Irrminals of 
tin* combination. Such an afrarig<-m< nt, ■«: a simiLir^um in which 
an over-excited synchronous i«otm takes the place of lh<- condenser, 
is used in practice with induction motors of low power factor tn 



4*i. inductance and i<tfi<uity, ta*.h with rPMM.ine‘, in jwrpilW. 


older to reduce Ihe line <mmd. lln Motive trjitiponvnt of the 

lagging current /j i*eing tlt, ‘ current 

• • % ', a * 

V, being 1 ♦ 


( R, ‘ +, <u «C*)‘" C 

it i£oitly necessary to .aake those fwn f<]ual to bring the res\|ltant 
line current info exact* pha& wit It the L.M.F.; one siK:h case, is 
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when ».y— l/e>C, an4 Kj f {Fig. 46), but since 12, is usually 

small, a negative reactance 

1 J¥/ fw* v * 

cv6' *• * w. 

will give nearly exact coiHcidriicr of phase when /2, is muqh'greater 
than ff,. 'Em condenser then, as it were* supplies the reactive 
rr>ii)|Minent which is call**! for by the motor or system of motors. 

H the resistance in both branches is negligible, the twdeumpouent 
currents are strictly npjuisitcdo tfhc another* ami the resultant 
current is tlu ir numerical difference, m 

/ ^ i x fH\/(o /:-v»C). 

VVliiut resonance also occurs ami v> v 1 JoA* w /,•-■• /, and the 
current through the ciicint as a whole is 7/-rw t the combination 
then acts as a pure iiisulaloj with tegaid to the impies'ed 
yet a huge cm rent' li/ei or Ko*C, is circulating round the induc¬ 
tance and condenser as dosed upon themselves. Tile multiplication 
of the cut rent when comieuser and induct aim-are in ]Ktrallcl is thus 
cm relative Udlfl* multiplication of K.M.F. ivIhii they air in series.' 

§ 23. The analogous lineat oscillations of a mechanical system- 
TJie real analogy whirh holds hetwef'n an electric circuit contain¬ 
ing induct aucu, capacity ami resistance under the action of an 
impressed sinusoidal K,M.I\ as in tj§26,2! and a mechanical system 
with inertia, an elastic controlling force and damping fiidimi, wlicn 
set in us» illation by an external applied force, i> Well-Known* and 
m-ed not be elaborated. Hut since mechanical osfihations come 
into question in tin* centrifugal whiiling of diafS and in the parallel 
working of alternators* something uiote may here be introduced 
oti the analogous mechanical problem* in regard to linear oscilla¬ 
tions whidi are simple haimonic motions, leaving its conversion 
to tlp % case of rotary oscillations to a later Chapter. 

In older to comply with the requirements of a siinph. harmonic 
motion (of which one instance is given by the projection of the 
movement of a point rotating at uniform velocity in a circle on a 
diamder of the circle), a’mass M when lima:Iv displaced from a 
central position o{*nst. nhi-1 he under the ad ion of a controlling 
or retarding force which is proportional to the displacement and 
always directed towards the fentre, and of a damping force which 
is strictly proportional to tlv' instant annuls velocity. The general 
equation for a linear forced oscillation isJhm 
d'x 4 dx # 

AI -w+ h ft-'- tx =y , 

where x is the displacement, ami dlx/di* is tUo acceleration ; 6 is 

* For a short Account of pressure ris** on higtek-esioii transmission lines, 
which illustrate the importance of tf*o effects of li^fuctance and capacit. * see 
K. Hudson. F.ltttr. Eng^ vol. 39, p. 40H, 4 futJqf treatment of the effects 

of capadty*will be found in tho,5th edition of T ht Dynamo. 
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the damping factor giving the proportionality Oct ween the »lamping 
force and the velocity dx/di, or the dampiug*ft>rce ptr unit velocity, 
c i* the factor giving the proportionality bet keen the Controlling 
force and the displacement which jives rise to it, i'»|thci:oiit tolling 
force unit displacement, and y is t lie tpplh'd h-ice as a (unction 
of the time, This being given as F sin whri p -7r!'!\ and 7' g 
is t In* periodic t inn* of the external ii] j4ird U jee vail ing'simisi ijdnlly, 
the rquatim •becomes • • 

• </ s .v d r 1 

* u rf/* -1 ''/T 1 ,v ' • ■ 1 “) 

The full solution is the sum of ihe utiili.il and fun ed os illations, 
but when the natural oscillation dies a^av uridci the action of 
friction, the motion i> solely tine to tin applied force and retains 
the jvriodie time of the Litter. The motion must iliut be such as 
to give x - - A sin pi {-It cos pi, whi’in . I # .md /> ate ceilain 
i<m^tants. It js shown in te\i-U>nk> that 


A - F 


(c Mfi*) 
iy-i (c up*)* 
F • 
vV/k* ] U-Atft* 


* . 

v'/fy* i {r 


/> F 

«r-» F • ■ hp 

\ \ f ltp l \&-Up*) 1 \'{>*p- \i'' .w/k>)» 

In the second part <M e«eh Apt«'•sinn tlo- IIIIIIK tuli.i* and il< io> 
tor are equivalent to the side** and hypoleiiiisr of a right anghd 
triangle. Tlu- solution, ihrrcfoie, U - 


VbY T(c-W 


(sin pt. cos r/ - f * s />/. nn »;) 


wficro 


ViPp* •(- (f 111 ^ ^ 


lim ij 


|[bp &_ 

- M/l* ” ’ C//> - df/> 


(a*) 


Tlit’oret icallv ll«c fund displacjiment 

* ' _ ; » „ 

F * •_ ♦ F 

■/ftV*+V «/*)* ~ P^' -f- .W/v) s 

is only reached alter* an infinite ;ttmd*r of cydi-s, but except under 
special condilibns thcTmal value as given above is closely attained 
aita few oscillations?* 4 nd may, rturefure, in practice at ogee be 
adopted. ' * * * * 
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The equation of morion analogous to (19) has now been solved 
for the displacement •* which corresponds to quantity Q in the 
electrical case. To vlve it fur v ~ dxjdt which corresponds to t, 
the current, as : s more usual in the.cUrtrieal c ase, we have— 

V i--s p .I i:ih pi ■ pB sil v<pt ^ 

“ Voy Hc- Mpy <"’ s ^ ' ’ 1 "" 1 pi sm 

fit 

VbY \ [c^Mp*) 1 

p? 

Vb'p 1 \ (c Mfi'Y 

i f. tin* veii« ; ty vector is /> times .is great as th*» vector of tin; 
displacement and precedes it by <Hi'\ 

Equation (20h) may also be Vvti 11 n 


\>pt >j) 

{}< '! '■ l ) • 


(20A) 


Vfc* 1 (<//* ,U/>) 

F 


s ' 1,1 (a' >J I 2 ) 


where ^ ry - 


Vb* I (;!//> c-^) sS,n {ft ^ 1 
tt Mh f/A A/A l -r 

01 tan <A . \ . 

2 Y b bp 

The expression fni 7 'is then exactly analogous to (IfXil and ill this 
form it is usually given ill the electrival ease. Here ^ is tire angle 
of lag of the velocity behind the appliedforce when Mp exceeds <-//>. 

The' tuilttml uscithUion and fuilutid periodic tihu ■ of the damped 
system is given if the applied force is iuMaularn oudy leiuoved, i.r. 
when the three terms t>u the left -hand ,side of equation (2b) am 
equated to zero instead of to F sin pt, or 
• * • f dJf , 

"w • b ,u'" " 

* • 

Tlie cud me i>l the oscillations then result ingris dependent upoa 
the value* of b. Us1iall% XtM > b\ find in this case the solution 
of the differential equation is * • 

*x f 2 ” (C sin P } t -\- D cn> v> 
where C and D are ec»ust;tuts depending upon the initial condition* and 

. ( 20 .) 


"Ai - 


2 M 


It follows that if b is negative, 1 however small it^ value, the amplitude 

• t 1 

1 Till possibility and pnportoncc nf a neati^f ^alue for b will b>e found 
other easel to be mentioned later, a.;, in the centrifugal whirling of shaft*. 
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of the oscillations continually increases. 1 f <<i$ posit iyf, thi- ampli¬ 
tude of the oscillations continually diminish** umil*t hey are finally 
dapped out. If the damping is very small, vy approach the ideal 
ease of b ■--- 0 , it. Md*x tii 1 ~ -cx, or llu? avMinlion ;uq| t c<m- 
* troUin# force arc prupoi t ioiiul * flu- amplitude el an i«scilla<mu 
before lift- removal of the .ippli.il foice iMiieti i;->iitim)allv te|vutcd 
unchanged after it i* removed, *dirtolJk?*«* w iu«t)j|:g fo iiknase it 
and uolhiry pi reduce it. ♦ * . 

(rf) In tlie i*/*W umlumptJ r, with 1 u will be st-tii fioin 
(2U(i) and (2M) that the Vail**' of uK*»upuii the I elution 

between < p and Mp. foi those n^v lu- iqn.il.* At the patluiilar 
frequency p„ wluii thi- otcm*. an iiilimi<-^inial diwigitur id tlu- 
frequency on either side must In- coiwd’iid in << mbmaiiou wiiJi 
an intinilrsimal uni-aim of dumping. Tin nee wing c*p ixceeds 
Mp by an infinitely >uutll amount tati y ( is z«io ( but is positive, so 
lhat ij O' and lemaius at lliis \ulue {• •« all lev** i \,dm> <»1 p. 
Jttnt when Mp exceeds c p by an infinitely rtiiall amount, tan jy is 
?.' To but i> liegat i\'e, so that IJ 18U', audit einaills at this value bit 
all larget values f.f p. When tins lalp-r case is n p!i*-ihicd by a 
clock diagram of vectois rqtuiing at an angului >peed of 2 njT, 
radians pei second, the pliase of tin- verity >h«»uTd lag 90° he- 
liilld the phase of the applied foice. ami the rlisplaTemelit should 
lag 90' behind the vebnity or 18u J behind tin fnice. It i> then 
usually stated in explanation that when a «y< lit state of atf.iirs 
has bewt e^i^lislied, dyiilig the hall peiiod u^uii ihe loin*, ami 
consequently al*>t lie .lorli-iatinii, is dim lid, «*ay, i uuai rN r In -1 ight, 
its lirst effect for a <Juaiter period is a slowing d*-wn ol the instan¬ 
taneous velocity towards flic li ft, \\)ii« li at tin- beginning of the 
half iH-ri'.td is at its maximum: when tin anchi.ilion reaches its 
maximum to tin: light, t)y- body lias just bn-u brought 1<> test at 
the end Upswing to the left. During tin* next quaitcr |*irio<J, 
tin: instateancous velocjjv towards the right givws up to a inlxi; 
mum ; the direction of the acceleration then changes, and Hie 
second half period follows*with the same ^picnre of events. 

«lhe case is, however, entirety umcal,and tip- account given of 
it, although matlpmati'*))y tm*) i> physically inish acting in two 
respects. It is qnt merely that in nature f Jiere will always be sonic 
small damping force, but that when there is some damping piesrnl, 
even to an inhibitcstrn&l degree thq atgle by whiih tl^- Vidor of 
•dispbccroeiH lags lehilfd 9 the victor ol applied font: diverges 
slightly from 0* at low- frequencies, passes rapidly to the value of 
90 c at the resonant frequency (Fig. 47, li). higher frequencies 

rapidly becomes hourly 180" but only ranches this latter value 
at in infinite*frequency of the applied force, lliis angle of lag 
ibr Various degrees of •damping is*plotted in Fig. 48, and 4 will 
be seen that as the d&mpiitg decreases, the'curve becomes more t 
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and more square-coinered, but even in the limiting case of 
a^rn damping, it i:i>nttnues to pass through 90° at the remnant 



l i'* 17 Vrrlm < 1 1.1*.;r.1 n■-» fur • 1 .1111 14 » a *l ill.ihn;; A m pj ii-i.S). 


An^lr ok i.ix, of a 1 1'••wit A»;■»'»> of it-ad 01 of 

iqujMtitij) behind '.♦•luolij \i •j? , : , i*rtTli?Utivi , hj 

forced’ M F J ! ' oi-l r - e,l 1 w k t* (f M f‘) 



iir.. 48. -'Phase angle* i>f v<*l<«qv and d' s t^ac«*ment relatively 10 
:ipplte<L tone for ihlfercnt degrees of damping {a - f>:^ c ni■ 


frequency; below this frequency, the angle approaches 0’ and it 
is only at higher values of the frequency that it approaches 180*. 

Th% undamped system, however, pos§etses practical interest 
owing to the fact thflt the riatural frAquehby of damped systems 
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is most conveniently expressed in terms of Ihe n^tuk’a] frequency 
of the undamped system as a standard of reference. The undamped 
naViral periodic time of an oscillation at once jtll'iws from equation 
(20c) since when b 0. />j t.ikeMbe value p, - : therefore. 


r. 


K 


• V V 


b'roin th« * importance of tfiis quantity, the undamped cum* 
dcservts a little further cert idci.^mn from first piinuples. A 
body of mass .1/ having bnn taken to niie extreme limit uf iis swing 
by the externa! Inter wbiili i> ihtu retyovnl and damping bring 
assumed to be absent, its velocity as it passes ihe cmhal p^siiinn 
is a tiiaximinn V, and at any distance x ft tun tbe rriitii p Tin* 
difference in its kinetic energy when it passes the ivutti: anti at 
point x, being equal to the potential energy at that lxtint, is also 
equal t«* the integral effect of Ihe conn oiling f..ice c a< ling flit 
tile displaerllleUl X. 'Hielefoie. 

•A 

A* ,i\ 


J •'/ iV'-C} I 


C . V 


will lie 


/v*. - - 1 

V M 


When the is al ii:»maximum displ.eimi at, t.f. al X, v 0, 

iiuLt v- xv7.u. 

Jim V is also equal to the uniform vdi-citv of a rotating body 
desf lilung a circle, llm radius of whir’ll is 1 lie amplitude, in tin lime 
of a complete to-and-fio swing, i.r. in tin natural pciiodir lime T r 
Hr nee 

; 7 2»r* 

\ X / — • 

V M 1 , 


T - ■ •/’!/ \ . <* - - f’ifWJ 

, % ■ V le 

exactly analogous 1o equal ion (19J>).* 9 

This is often expressed as T, — 2n V/r. wb* re ,u is the corislant 
lalin which tin? acceleration towards Ju- centre bears to the 
di'.ulacenier 


liqrlaceny-nt, Thus in wntfls 

*w 


mass , 

force i *^r unit rtiqJaeem< ni 


— 2 it f&pfcccmf’n 1 
V acceleration 
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since! I he actual force mass x acceleration, Apart from damping 
by air friction, such is the cast 1 of the simple pendulum, provided 
its swings are .smah, 'Ho* tangential force acting upon its J*ob 
is Mg . sin 0, viiere 0 is the angle tf displacement from the vertical ; 
the actual displacement it the art: tntiwd through. So lnu£, then, 
as the i h<>itl. in sin*0 ehord/rgdius may he regarded as equal to 
the arc, the hare is proportional to the arc or to 1 he displacement, 
fi ’ gjl and ils natiiial pn iodic time her oines 2ir V //i, 1 .* 

Since f v - ^*lir}l p Vc;A/.*it follows that whm p p,„ Mp i 
-■ c or Mp cjp ,Mr that the statement that this <quality holds 
is only another way id ■a.lnng ttiat thr, p< riodi« time of tin* forced 
om illation is <qnnl to lie* periodic time of the undamped natuial 
oscillation. Ii ii thus convenient to express all frequent■!«*•* in terms 
of the natuial undamped frtqtirui y, i.e. p - k p„ where k is the 
lalio ot tin f ireelf to .*he natural undamped frequenc y and =-* 1 
at resonance (<•/> Figs, 4H 5(1). 

(6) 7 he dtltnpt’if CttS i\ ( l/-t lliele now he added the condition 
that the om*, llafing VcHm ily of tin* body gives list* lo or i-, aeeom- 
punh-d hy a force proportional hut nppo-xd to itc t.e. a damping 
force b lix/iU *is JUrSent. To OYen olOe this UliTe lllllst UlMt l>t! 
present in thi* vector o[ the applied oscillating (one a component 
in exact opposition lo the dumping foice, and therefore in phase 
with tin* velocity and hy its piodiul iheiewith amounting for a 
certain vxpendituiT of emigy in evny cycle, 'fin* resujt i> that 
only tire remaining component of the applied Joi^ 1 vector, i.f. 
the eoni]>oncht at light angles fo that which tnlanos the damping 
force, is effective in accelerating <»v in c o\vi coming the controlling 
force. The amplitude nl the component in F whi'h opposes the 
damping foice is 




F sin F 


\'p WP - C/P )* 


and the amplitude of t^c component whii li is at tight angle* to the 
damping foice and which is therefore imbalanced hy it is 
* . • ‘op -Up 

n * v’e -f (m’p <:tV 

IV*low the resonant iivqm-iicy the latter component is in phase 
with the displacement which U v gs Ires than BO 1 behind the applied 
force, while the Velocity vector Jcads tVe1ipph*d force (Fig. 47, i)i 
At the resonant frequency the vectors of velocity and applied force 
arc in phase, and the displacement lags 9(^ behind either; the 
applied force then lifts no component in •"phase witli or in 
opposition to Ihe displacement (lug. 47* ii), bht is entirely 
spent!in overcoming the damping forc^ aqcUhe interaction between 
controlling force and ’displacement keeps thVmass stringing. Above 
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the resonant frequency the velocity ant] dis|4ucem v ut' la*; 90 ami 
180° behind the component of the applutf force which i* not 
etp^nded over the frictional or damping fore* tFig. 47, iii), inst 
as in the imaginary case of zero imping they appeal to lag behind 
the totztl force by these angles ; in reality^heir lag behind the total 
force gradually increase* towards 90 D and I8t. . To i .'present 
truly tlie whole pr< *:«■**, a thiee-ditnniMomO umM Weiild her< quiied 
from whirh,it« would be seen flew the xteior iA the displacement 
renvtining finite passts through th* .yiglr of 90* at icsnnamv when 
the vectors of applied force at id veWity coin- id T 

Tlie j*‘iiodic time of tin- dam]**! natural oscillation when the 
applied force is removed ha* already been giv«n in li 

differ*, of rouise, from the periodic tune id the uitd.mi]x-d natuial 
oscillation, t.r />, differ* from p c according to the wean: ol /», A* 
the value uf h (still assumed lobe |»o*itivc) i* in* Teased in propoi1ji.il 
to cM, the damper] pefi.nlie lime length' ll* *1 the lfn|U<lu \ dimin¬ 
ishes. A* soon as b readies the value 2\YJ/, ><i b iltt l 4i M t w« 
then for tin first time ie:i« h a stage when ilm i urve t4 di pla* ement 
no longer i |osn, v the Imri* mlal axi- itt time. Al lhb point the 
system is just aperiodic, anil the d,unpin,; is said t*. be eri/iiv/, 
With a further trmv.i*e of h relatively t ■> d/, the s^iin i. mains 
aperiodic, but for any given initial condition-, ih< body mort- 
quiekly reach* its maximum dispi.n eim nt and iu"H fjun kly 

return* toward* it* rent rid position nt jest, ,ilil.*.ngb t)«•<.c. ti. ally 
% 4 
it lie Vet rea< h « it. * 

The speeial tllPTrs^ol tlie inhcai (iovipin^ poilil Ills ilk the fait 
that tlie effect of a;ty otlnf value of tin damping fact nr and of 
any frequency of applied ton e ran be * ouvetiirnlly expressed in 
terms of b,. rtt and of th* 1 resonant fn<|Ue||.v. A pai1i<ular omi- 
bination of values which VotiM giv« -tr.U would be ^ 

• * k rit . 2Mp„ -Sr.'fr 


and from the two last expie*~iuns wotihl be d<-li i mini d the dis- 
placement or <*pml at the msonant frequency. We ate ihu> aide 
to compare tin* value of the dispLvemn^ and it- lag 1 •• hind tlie 
applied force for critical d^mpjng with their**.dues at tlie t<*oi-an1 
frequency, and also^or any other values of damping and frequency 
in terms of tlie results for r ideal damping. Thus Wi a b'h nU , 
and k — applied jrcquom y/r^v nanl • fnsjtu in y. I|p» b 
2* tip# --■= 2uc/^ 0 *aiift p -■? kK Hemi* by substitution in (20 a) 
the angle yf teg between the vector* of displacement and applied 


force is given by * 

b %*' %! 

*“ n n “ b/2ah-kbjZi : ' \jk~k ‘ 
The Values of tj for dis tent degrees 
relation to h in Fig. 48. 


. . * .. (21*) 
ol damping are plotted in 



Velocity 
(or current) 
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Now, whether there be damping or not, the maximum speed 
or the maximum current in the electrical case is always reached 
when the applied hequency is equal to the nuturnt undamped 
frequency, it. it the resonant frequency (Fig. 49). Expressed in 
terms of fi B , equation (204) becomes T 



(21 b) 


and for any given degree of dampijig nr value of a, the denominator 
is a minimum when A1. Vet this doe's not imply that the 
displacement or (electrically) the quantity readies its maximum 
at the resultant frequency. Tin- corn^xHiding rxpn*ssion for this 
in the same terms is 


F I 

* c x Vo’fc* ■!■ (A*- l) 1 

P 

The valo<* of 


(21c) 


!• (A* - l) 1 


are. |d<*tt i a «i in Fig. SO fioiu which it will hr seen that a*»u i> increased, 
lh.> maximum displacement which without damping coincides with 
the resonant frequency occurs earlier and earlier. 1 The unit of the 
vertical scale of Fig, SO, viz., F jc, is simply the displacement that 
would arise at zero frequency from the : maximum Mine of the 
applied force acting against the controlling force which has the 
value c per unit distanre. The unit of .the vertical sc ale of Fig. 49 
is p 9 times that of Fig. 50, ir. it is the maximum Velocity of a 
system oscillating with the displacement which is the unit of Fig. So 

but with the undamped natural frequency. 

« 

i 

. f For a similar tr^vtuient oC the ehctnv.vl cas« iu its bearing on the truth* 
fuitjcsw of oscillograms, »eo C. W, Q. Howe, “ Tin* Amplitude XUd fha** of 
the Higher Harmonica in par it log rams,'' Journ. J.F.K., vnl. M, p 19. Cp. 
also T>. Robertson, p. 24 , m I lie sanir voiurfll'. 
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CHAPTER VIP 

% 

HOMoroL\» coNTisroy^’crKKi'M' iIvnamu- 

• • . 

11. Diftcrjltj** in the homopolar continuous-current michiM,-- 

If the terminal voltage of a dynamo at a constant sjHt d of rotation 
is uni-directed during passage of the armature JUM a double pule- 
pitch and also practically constant* it vviij cause an equally constant 
and steady or continuous flow of current thiongh a cm mi «.f fixed 
resistance. A dynamo yielding a terminal* voltage which is at orKr 
uni-direct id, continuous and constant in value is cal^-d Somewhat 
inadequately a coniinuous-curunt or Jiri'ct-cur^nt mar hi nr, 1 It 
has already l>em shown that the hnmojmlar dyuai.m is funda¬ 
ment ally a continuous-mi rent machine, giving m it sell ;ui um- 
dirccted K.M.F, <>f constant value, witJinu>Hurtuatjmi or puls.ition. 
It might therefore lie expected that vut fit>1 group ?,{ machines, 
namely, humopdar dynamos with field nuifoim in the path of 
movement (Class I, i), 4 Would he almost universally usnl for con- 
tiniious-uirreM work. In contrast to tin- hol« ropolai mutinuoys- 
current machine, the current does not need to be slopped and 
reversed in direction in each armature roil as it grasses the brushes; 
it docs dot4t£r< a fore require any commutator witli its attendant 
troubles of sparking at the brushes. To tin* hoiuopolar type, too, 
belong th& earliest fibrins c^f motor* and dynamo that wrie made, 
since the first motor and dynamo, invented by Hallow and Faraday 
in 1823 and 1831 res jx* lively, were disc hoinojk'kus. 

The reverse is, however the case ; the briePopular continuous- 
current mjrhiiie has bmi and still is in possession of atmosfr On* 
entire field of continuous-current work, and practical experidiru 
shows that there are inherent disadvantages in the homopolar 
dynamo which have prevented it s wide adoption* All the ingenuity 
of*iiiventors and designers has,iiot succi-rded pp to the present 
in removing thesc^li&advAutages which an** 1 from the fact tliat the 
simple machine gives but a small E.tlF. even at a very high speed 
of rotation. It has bmt already shown that in its simplest form 
it has only one §ctiyc dement .And therefore yields at ^cst only a 
^ery low voyage. It rcitiayis to describe the methyls that can be 
employe^ to lessen this objection 

1 English lacks «lct equivalent to the mofc expressive German term 
" lev^Tcurrent" {Gleich-itrom). 

■ For an interesting surwnary of the various stage* in the historical develop¬ 
ment of the homopolar qpntimiou*-current dynamo, tee ” Die unioolare 
Glnchatrmmnaschine/' bysfVSriswon Ughmoff, in Arbtitn am dim fMktro- 
Uikniicktn tmiitut :u Kirlsrvht. vol. 2. p. 132 (1911 ' JnMm Spniiger, Berlin). 
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double 

must 


itnono^ocmmoQ*mtm 

To in crease the EfM.F., thp first step Wfff 
circuit, and *o to double the effective cutting 
Thus Fig, 51 fa) stools how from Fig. 8 (a) cmk" 

cylinder of doubls the axial length and twice the Sux; _ _ 

through the cylinder face bifurcates InC half is taken out Of **} 
of the whole out of one end oPthe armature. The EM.F.jg ' 

that oi Fig. 8 to) tor the same diameter, and correspondingly i __ 

now be collected from the periphery of the cylinder at both fw'ff ainot hall 
of the flux must pass through each end o$ the cylinder. 

Similar V Fie. ol ft) shows the use of two ot the radial-type dtak of Fir. 8 (61 

irt scries 1 the current passes A&9^ ‘^WrfS m OM flic, 

Lnd SSily outwards in the othe/disc., mnat therefore pre« 

on thT^nphcry of fech disc, and again half of the total flux must pass 

* A Yt*?s thls^^^ty for the flux to pass through the brush collecting circle 
whu h really limit* the posgtfo voltage from a single active element rather 



<tO 


0 ) 


1*10. 51 . ilomnpolar continuous curre.d rtuichhii'S with double 
magnetic circuit. 


than tile imrmtaubto peripheral sjved as Jixod solely by om side rations of 
inocbuticiu strength. It is evident, for example, in the axial type that it is 
useless to increase^he Length of tins armature with a view to using a greater 
flux if this flux cannot be passed through the ar»a of the iron or 1 si eel at the 
ends of the cylindrical rotor. Hut if the diameter lx* increased, then the col¬ 
lection ol large currents a\ very high peripheral speeds presents formidable 
practical difficulties due Lo friction, heating from mechanical and electrical 
causes, and wear of tiro brush paths. 

| 3. The cylindrical and diio type# compared. -The type of machine shown 
in Fig. 51 (u) with A plain cylindrical rotor of copper or brass as the single 
inducing element, miming at, say*, 1,500 revs, per mill., has been successfully 
employed for hut puts of a few volts and several thousands of amperes for 
electroplating or meter testing.' The cylindrical or axial type has in fact 
been most used in commercial engineering, although die msc or radial type 
was the first invented. This piefeficice for the former type hrs been partly 
due'to the dilticullics that arise with the disc type from axial thrust. If the 
magnetic tlux that passes iiAo one face of the disc does not all issue out of the 
other face but part IcakS out of the periphery, the dose become* magnetically 
unbalanced and is drawn to ono or other side, producing a powerfu. end- 
thrust A Viirust bearing and means for adjusting *bc disc xo a great degree 
of nic|ty are, therefore, advisable. 1 <• 

i Cp. Boris v. Ugtiiuoff, lor. cjt. t p. 209. 
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t$ to iBfMW the number ot activwrfpnatictoro_*nd to connect them *> » sL 
add upTfrdr B.M.P'a. • 

//• in p& Z with routine MVMtoft • second active coodactov ho wdd»& 
a f the side of the first, aodtb* Mr 

BatgA^4^«aw B|| 

sSSSSSssfa&^nspaisSia- 

TWtinj- wires must be led back through the fae» of the iron fM-inffnct or 
tlwinvzh the iron and round outside the field-magnet, and so mttstta stationary. 

M ontc some kin* ot sliding contact becom& necessary in order to maintain 
lonnectian between the fixed an^ the rotating conductors, ]f on the Otl\T 
rT? 18 ta * onaT Y' the connecting wires must Vitale with ih„ 

Md-magnct. and the same necessity exists for stidinc t mil At* < 1 <t■* 

1 hus there is no method of winding, pr^x-fly so < JL d, wHi.U is l^TL 
in t armature., So long &* it U;ut to givv a umdin>u«d \ M V 

\\\ that can be done is to join one active conduct** or itmieni on to another 
hv means ff slip-rings, ami the multiplication «f the islleriiiig surf .ice a and 
c*| the brush tircil acts, each carrying the foil-toad current i* a necessary 
disadvantage. • 

S 5. Thft»E.HP. from a tingle element with double magnetic drculL 

!u the axial type the first stagepaill be again to divide the complete inducing 
cylinder of Fig. 8 (a) into a number of separate iimdalcd see torn, each con* 
meted at each end to a slip-ring upon which mav prrss the bmshrs necessary 
to lead the current out of the slip ring at the back end of one lUniont through 
a slationary connection into flic front end of 1 !i<* in xt dement. Thus the 
total number oftftip-rings is always double that of the active dements." 

If a peripheral collecting speed of 100 lnHn s i**r ^ (marly 2tl,f«fff1^ 
per min.) be’taken as the nuAcimum permissible, ami a steam turbine running 
at 3,000 revs, per niin. be assumed as the prime mover, the diameter of the 
collecting surface must not be itiore than 62 0 nn, (nearly 25 inches), and the 
ndt cross-sectional arca»of iron through which the flux must pass within the 
rinfs after all deductions arc made cbnnot l>c morp thafi alxwt 2,000 *q. c.m. 
at one end or 4,000 s§. cm. at hofti ents. With a density H e ».-i 18,000. the 
fiux <t* a cannot be more Ihatj 72 X I0 f CC S lints. Since fhi* is cut in 
60W seconds, the E.M.F. from one bar is* » 

• l •-*.* ft X*10» • • * ■ (22) 

* . - 72,t»0.oflo <x 50 x* I0* 1 - 36 volts. 

Three elements must therefore be conycted irt wpe* 1*! give about 105 volts 
at the terminals, anc^eix slip-rings are required. Tbii alone indicates one 
of the disadvantages Mftrent in the design. 1 » 

| fifth* eytiabioal oomopotir wrahnuous-current machine.--With tbe 
me of several elements it becomes necessary to make part of the iron magnetic 


K»ut 105 volts 
indicates one 


me of several eler 


to make part of the iron magnetic 


1 The limitations of the* Uoffcopolar dynamo are further discussed in 
Chap. XXXI. 
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circuit into * rotating armature core, to which the bare may be attached 
A second air-gap lof small length in each magnetic circuit, analogous to that 
m Fig. 9, thus become* necessary, and we reach the type illustrated in Fig. 52. 
Thia ibowi the euentii] parte of a machine with eight hogs at each eod^^nd 
a solid rotor cops carrying eight sectors. Fig. $3 show* diagrammatical) y 
a developed plan of the winding with the stationary conductors m^ked by 


*1 .,y.. ; .. 



^ . Section on XX 

l*io. 52/-Continuous*-current humup.itar dynamo (axial type) with 
slip rings. 

dotted lines. Sjj the 300kw. huniopoUr giving 500 volts described by Mr. J. E. 
NfKrggeralh [Tram. /,/;'/vol. 24, p. 1) twelve flat sherts of copper 

bent to the radius nf lhr armature and driven by lugs projecting from the 
core were bound to the solid cast stirt armature by steel binding wire. 

Instead of sectors, it ia 

i+ j- f more usu^ tco employ a 

Up ‘Hfc . ^ -« ' ] [J f number ut equally spaced 

\ i 1 ; * , ■ | solid topper Kars sunk 

•' ! * I 1 ! i ♦ C . J . ihto insulated slots or 

[ «j { | |li i- -« 1 :* )’ parsing through tunnels 

I i ! 1 r 1 \ * ■* in the iron body of the 

! !')!■ ; M rotor. The stationary 

• j jji j | -f -w* conductors which pass 

. : : f | ‘ : i ” ‘ M ; the current in the reverse 

| || l «"* [ !'.!*'* I direction fi<vn a ring at 

1 1 [ i !*i .1 -<. . . j » * 4 1 . .J one cod to a ring at the 

Fm ] f ■ ] ■ * ■ * other end may similarly 

. i iY] ^ v "TV I J ‘ 1 1 h be formed of solid bars 

JUUdJU I---flJJJJ. JS stjnk m eqililly 9pirrf 

Fig. S3- DUgrin. *d Aunrxiom of 

»r mature ol Fig, S3. ; • - foET*. 2St?5 

«. purpcee of ft compensating 

winding which neutralises the armature reaction, as will be described in 


•Diagram i A connexion 
mature of rig, 52. • 


winding which neutralises the armature reaction, as will be described in 
Chap. XIX. 

A valuaWe and interesting account oi a 2,000 kw.? 26G*volt, 7,700-ampere 
homopolar running at 1,200 revs. pc\r min., end of thi, difficulties that had to 
be overcome to secure and maintain its satisfactory' working has been given 
bv Mr. B. C. Lamme. 1 This machine with a peripheral collecta^ speed of 
13,200 ft. per min. had’tight collector rings at cach^riil of the rotor, and each 
of the eight active element# giving 32 5 .volts was subdivided into six cqedach 
round solid conductors in insulating tubes threaded through nearly closed 
holes in the solid steel forging forrr*ng the rotor. 


1 M Development of a Successful Direct-current 2 . 000 -kw. Unipolar 
Generator, 0 Trans. Am$v. I.E.E., vol. 31, part U, (1912), p. 1011, 
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HOMO POLAR ALllRNATUKS 
♦ ► * 

| l HotnopoUr alternated- -.^though of gie.it historical interest 
and at one time much in favour, honiopohr alte^uHois which form 
the Second group of machines need only, brief cnn^idi lation, since 
they have been prnctivally superseded hy ihe luririjiolar lype. 
As already stated, the h<>nio|T<»!ar machine nafuiallv gives a uni- 
directed H.M.F., hut is made to give an alternating E.M I\ through 
the dev ire id interrupting tin* circle of the magnetic field hy tan 
or more tuittiul spina s through which very few lmt> of flux pass. 
Connecting wires can ilnu he brought through these spaces and 
it can be wound, which is a necessity fnr*an ajteiyalor that is to 
give a high K.M.F, The dtum and rjw- methods of’winding a> 
described in Chapter III, $ will therefore he out si at ting-point. 

| 2. Concentrated, grouped, and uniformly distributed winding!. 
With the formation of a coil of many loops the question aiiws 
how far the increase m the K.M.F. will eouespond to Ihe number 
of active conductors which have been added and coimeeled in series. 

Ill the fns%oj ihe siumttli-sutfare armature, if the seVeial loops of 
the drum roil art? wound on the top of one aiiolhei, each will at 
every inst&nt product’ exactly the same K.M.R as the fitst original 
loop, provided tin density of the field he kept tin-same ; the winding 
may then be called conce>tfr<iUd t as it will beenine piled up into two 
or more layers of small width. But this miK resuli in an increase 
of the length *>f the air-gap, and thcrrfoic with a given rXrfting 
jiower the,density r»f tl^.* flux is greatly reduce*!. W F ith a large* 
number of loops if Incomes necessity to wind them by the sale of 
each other as in Fig. 18, so ?k> Icj permit ol tin* retention of the same 
aii#gap as for a single loop, T|p: windup thus J>er<inies uniformly 
distributed over sngu: apj*eaabh* *xt rut of the aimature core, and 
as the coil-side Vas a certain width,*all the loops cannot occupy 
identically the same position relatively to flu- ]>>lai* surfaces at 
any point of tigic. * It follow*that tftc E.M.R's indued in the 
different loops will not a* the «iiu*jnniiuiit be always alike cither 
in direction or amount ; in other jvnrds, tiny differ in phase. The 
effect of^he coil i» tljcn to compound togcrlhtf a large number of 
pha^p, each of whiirti differs a little from fliat uf its neighbour as 
we pass from <3ne side*of the coil to the other. 

Next, if the armature be ^slotted and the additional loop! arc 
wound within the same*dot as the original loop, the winding may 
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again bt called poncddraltd, and the E.M.F. of each new loop so 
added will very nearly be the same in magnitude and phase as that 
induced in the first*loop. ]f, however* this slatemcxft is to bold 
true in prartitf:, the dimensions*of the shit in order to receive the 
numerous conductors mint not be increased above certain "normal 
limits. Should Ihi* >lois bccoinr too deep or too wide* il will be 
ni*ct*s;uy to divide the wires between two or more slots placed at 
.sotriu tlistarice apart, and In this case the joint E.K.F. produced 
by the nmductnis in one slot will not he in phase witU that of ;lic 
conductors in tin: s.nanul or other shits. The slots being spaced out 
cover* in fact, a err tain proportion ui the field, and a grouped dis¬ 
tribution is obtained which falls midway between a concentrated 
winding upd t lie uniform 1 list ribul ion of the smooth-surface at mature. 
In the grouped winding of the slotted armature, 1 a small number 
of sharply distinct j bast s ate compounded, but as tile slots between 
which the side of a coil is divided are increased in number, the 
distinction hrt ween the uniform and grouped distributions gradually 
diminishes. . In all rases the effect of adding in series two or more 
E.M.F.'s differing in phase must be a reduction of the total as 
compared wiih the product of the E.M.lv of one active conductor 
multiplied by.,tht* number in seiii v s, and it'becomes necessary to 
consider the effect f»f the width of a coil-shle, whether on a smooth 
or tool lied armature. 


§ 3. The piteh-lii^ and the pole-pitch o! the homopolar alternator.- 

in order to investigate the best proportioning of the widths of 
pole and coil, so as lu make the most advantageous use of an armature 
of given dimensions running at‘a given sjH'od, *hc three widths of 
the coil, pole, and gap between the poles must be measured along 
the mean circular path traversed by the rotating coil or magnetic 
field, as llie case may be. 


. 'Ihis circle t* rolled the mean pitch-line, and ill the case of the homopoUr 
jilftchinrs now under consideration which have our or more fields separated 
by a neutral space or MpAT? of very weak flux'density, Ihc pitch i* to lie defined 
as the distance measured along the pitch-line U-tween the centre of a field 
or polar projection and the centre of the adjacent iulerjudar gap (Fig. 54). 
A» shown m Chap. Ill, $ <vthc maximurft permissible width of held, even with 
only one loop, is not more than the pV^h, since otherwise differential action 
reduces the lime during which aqv resultant K.M F. is produced. The fiehl 
can, however, lie as wide as the pitch, since in any one circle of polar pro* 
Jections a)I are of one sign, and no magnetic flux UnV's across from one into 
the other id 1 bout entering the arni&nre; on this account the ratio 

us,la ”>' ^‘P^iaches unity more Nearly thin in the corresponding 

hetermiolar machine. When there afv several loops wound side ? y side, or 
several slots between which each sido of the coil is distributed so that it has 
appreciable width, there \till be considerable differential action unless the 


1 ft Is here assumed r that the slots are parejh*} to the axis of the shaft. 
If thawed through a slot-pitch,, uniform distribution is reached. 
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width of the ficUl be mluwJ to equality with the ftiiirr loop jud the width 
c/f the outer loop of the undivided coil he not gr<**itc than the width of the 
g*p. Various proportions of foil and pole are therefore fVMSiblc, and 
thei^ relative hdvanlages can be deckled by mathem*t'v<U analyst*, if the 
flu*-density tuK*e along the pitch-line isjcunwn. ? 

V 



l ; rt». Sf 


- ■ Flu*-density .doitft jnli li lilx 


in Jiomopol.tr alternator 


| 4. Types of bomopokr drum alternatoii. I\nully m Hw MngJe pluse 
alternator with undivided toils a* .sfnmn in Fig Sf, the wid'Ji of the inm-r 
loop is equal 1 h hall tile prtih. and the width of 11 1** «.-iiI<-t loop equal tu olio 
ami a half times the pitch, so that half llv armature is «oyi*nW with wmdjtu', 
Hu I any >mh single foil may lx- m«>re conveniently ihviiH into two, so that 
the end conne* tmC pm* ions have h ss ilrplli, a» 111 the hrtcropolat drum 



Divided Coils arc therefore dlustraUd in the simple (limn alternate <t <d 
Fin, 55, which also shBws by dottwl lines how tin- whole may repeated 
with a second fie*. Wc thus arrive at fnii ;lh many coils as there are 
fields, the cnilajjeing virtually awanged iti pairs, and rarh pair corresponding 
to one fieW instead of two field* as m the heteropoUr machine. The 
width of tile outer loop of each of the two roils F> now equal to the pitch, 
but the coil-ratio is bw<W still expressed in term\of the total width of the 
windijf or the width ofone belt of active wires forming the adjacent sides 
of two coil*. The several, fields are produced by polar projections from one 
central revolving iron mass. The exc-itiim (oil F w not rotated, but w sup¬ 
ported from the stationary /armature ring, so tha\ there is no revolving 
copper and no neetl for any collecting rings either for armature or exaung 
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current. The rotating iftn system may be Ukcoed to a number of " fceepen," 
and U emwtinM luiceQ aa the " inductor," whence homopotar drum 
allemat/irs of this cta*r have received the name of " inductof^’ fttttatirtL. 



I n. S«i Mriiiil in'liictur Jlcriut'ir with d<«nUi' arm.it u re. 


From Fig. 55 is easily drriwd wh.it h known ;u a " double-annullire " 
inductor alternator In-di-.td of the simply umtimioui air gap shown nu the 
nglit hand •fid* of Fig. -*>5, the .lomul gap pi tin; mngiu-Lic circuit may be 
hrokrn up into nr'parair piles and ittilinnl by a second armature similar to 
4 tin* lirst (Fig 5b). If tin* jinks on one side of 

till* machine am abreast of thnst? on the other 
fj wk. and the mils on the two aide* arc .staggered 
W 'r.. j f n-lalivriy to one another, tin? machine will give 

two phases, (h tjie poles m^y. 1**'themselves 
staggered, whivi weuuyag.in consider that there 
is only cme pitch-lim 1 , a (Mile being in each case 
opjHwfc to a neutral inlerpolar gap : and from 
tlus .unither arrangement, shown m Fig. 57, may 
tx> obtained which is suitable for a single-phase 
machine. The armature conductors arc now 
taken straight .hmugh both halves of the 
armature core in tunnels or slots, and each 
straight wire consists of an active‘portion and 
a lonneclor end \o end. Idnally, the two 

armatures may lie arranged one inside and one 
outside the circle of revolving " mil ml or* " or 
" lovjvrs " (l’’ig. 58) ; these latter are bolted to 
the side uf»the lly-wheel of the driving engine, 
lit all double armatures the windings 

are preferably connected in series so ns to avoid 
any‘liability to slight differences in the curve of 
RM.K. or of current on the two sides. 

k 6. Fretptacy of homogoUr dm to alter¬ 
nator.- Since the passage of one field past * 
coil gives one complete double wave of fc.M.F., 
the number of periods per second, or the 
1 frequency ofahomopolart^ra or disc'idtenjator, 
is pN/fU), where /> is the number of fields or polar pnijeclions on one side of 
the armature. Thus in the drum or disc homopolar machine ^ is * it, as 
in the heteVopolar machine, the number of pairs of fields, and this difference 
in tha definitions is the counterpan. of the difference in the definition *1 the 
pitch lor t^e heteropolar drum or disc in a -hirrv v given in Chap. IX, } 1. 
Since p is also equal to the number of undivided coils on the armature or to 



i'll). 57.—f>rm« inductor 
alternator with staggered 
poles. 
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the A amber ol j mrt erf divided coil*, the frequency of the hotaopolxr dram 
alternator it the same u that of the heteropolar wyih aw equal number of 
apnalure coils, although in the latter there are twice as many fields ha in the 
he unipolar machine. 

A characteristic feature «f all homujx'lar altcrnattr* iy that the jm»U* 
form twanthei of one ami the sam* ihagiMk circuit, aiul theu-fory onlv 
require dhe exciting coil wound on that I'orliu. of the un nit where all the 
hues mute to How in a Comic<>n stream. I'.uh /uti. wire iht*> cuts the 



Kir; 58 


-l)rum inductor <illern.itor with double armature 


Jim's* from the nunu-rou-* >u1divi*iniiMif «»jh- c*iumoii |n>lc, J' tin term " homo- 
polar " emphnii*i7.es when applied In an .ihenintur with manv hr hi-., and it is 
on this account that wo have Spoken of the fields rathn*lh.iu of point. 
.Mthough not confined to ho ni" polar allrfiiaton*. tJie *tiU’l«^t-\> King roil is 
always employed in them # 

| 6. U»eltt* line* entering the armature.-'In alt fi.-nu^-Ur alternators 
i1 a line VI. In* drawn neatly N’t w«-<n two neighNmriiKj poles of like 


armature ^ the uitvrpokir gap 
V 



l ie. 5».- 


,\?r gap if u\es in indw I or 
alternator. 


sign, any flux which inters (or hav*"*) th« 
up to the limit; of half the yitch on 
either side of the symmetrical line. 
it. lx*tweep HI) (Fig 59), is not 
only useless but is positively detri¬ 
mental, since it causes a hack 
K.M.F, by cutting the wires, which 
should act purely ax connectors. 

In the Ixomopolar machine• thin 
differential action is always present, 
whatever tJic width of the wind¬ 
ing. The harmful lines aje often 
called “ leakage.” hut the name is 
lint strictly appropriate, since |hey 
rater the armature, n]though not 
m At useful manner. Their mmiUrr « 
must therefore l>e deducted from » 

the useful lines which enter mimcfliatcb from a pole fa* c. Thus in 
Fig. 59 if be the total number ihtt pass into the arr Mure from 
the M, pete within the limits of the pitch, i t belween ciflfer hH or I-I). 
and f- bethenumbcT df harmful byv hetwtftn IW, the loial myntwr which 
xnost oe reckoncdV? farming one field is <h a < di'n * a Up- Fig 5t, at the 
loot of which js given A curvV indicating the flux distribution in the air gap) 
After thu# discounting the effect of the dirret different iat action peculiar In 
the honid^olar alternator, we arc left with the dfflercntial action due to the 
coil having width; fhi«can be taken into accmuiliiy a winding factor A*, 
and Mfe only difference between the homopolar and hetrwpolar machine* 
with similar cod*and polt^ratios will lie in the slight difference of the densities 
of the fringes between theedges of the jtdes and the lines AG. Ctt (Fj«. 59), 
when the width of the pofe/s ntt equal to the pitefo. Thus with Nix little 
modification the Values of K as given later.for different ratios of p^«* and 
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oil 




coil-width id the pitch ya the heteropoUr alternator ere equally appfceabic 
to the analogous horoopolar machine. 

| 7. The K.HF. equation of the homopoUf dram alternator.— In the 

drum homopolar machine with single armature, p tua already been defined 
an the numt>cr of field*. or of polar projection*. If, then, Z 'be revkortkl aa 
tlm total number of conductors whfehr at different time* actively induce an 
K M l'., and has therefore the- same meaning a* m the eorrwponrU/g hrtero 
polar machines, eaih.win: in one revolution cut* /> - * # > tines. The 

average F MX. is therefore,,with Jltf. saute puU: width and the same net flux 
in the air gap, only half that of the xinuUnty wound helqjopolar armature, 
and >io also in the virtual IvM F. The equation for the virtualji M F tiiom' 
phase of the drum luunopolar is then 

where N-n * 3 the number o» phase*. q i* the number of parallel )>athj in 
tho winding, and A' lias the mrailing given on p. HW. Hut so* already 
mentioned, the jxile-face i* usually of greater width as compared with the 
pitch in the homopolar than in tho h«dcr’polar form, and also owing t<> the 
field not being evened in direction in the armature con- a higher flux-density 
1* permissible ; hi‘in:« < *1>' # -■ o> a of the tmmojxjUr may not 1*: no very different 
from the 2<F 0 of the tictrrojftjlar alternator with equal umnlvrs and dimensions 
of nrruature coils in lxdh i ants. \.t. the virtual F-.M FYsare moir nearly equal 
for the same values of /», /, and S. In tiu: ease id the combined double 
armature of Fig.,57. if / I** reckoned ;ia tlin mimbr of straight wire* or 
liars jessing' from end to ciy^ across 1*>lh armatures ami d>' a f a In- 
reckoned on uric tide only, tin* equation l**« onus 

K o»-«r 7 • • tui 

at*«l tile same holds (or the two separate armatures of Figs, fid and fiS if these 
ofu in sene* and 7. In* the umnlxT of active eondm tors in one armature. 



( HAITEK XI 
• 

inivn.KK wimiisc; 

Thr leafing principles govi-wwig flu* armature winding of drum 
heteropolir machine', wUthi-r fi*r alternating ur continuous 
current work, air m* rlnvly allied that the subject will fust hr 
considered in a general wav* applic - ;J>h; 1«> lurlh tyi*v$. 

filShhAC 

| 1* Dram trautartf winding tod tts two forms. The turn (ion 
of an jifYiM^uir winding is to add up the K.M l 's of conductors 
or of loops whirls are displaied relatively to one another in the 
magnetic system. Starling with a iiiijiiIkt of single I Mrs or con* 
dm tors deposed roimd an armature coir, H ha> I wen aheady shown 
that in the formation ttf a single loop, the spurt of the loop at the 
far or “ ftnk ’* rud of the ■Jrum must I hi as nearly as posable equal 
to tin* ]H»leq»in h, in older I hat the l^op may at sftme instant eni- 
hrare nearly ihe whole of the lliu of a held, ami as a result yield 
.4 maximuirt of K M.1\ Provided, however, that the span of the 
loop exceeds tin* jiolar ate. amt it is not, therefore, subjec ted to 
direct differential action, it is not nnessajy in practice that the 
span should h* precisely equal to the pde-pitch. 

In l-ig. 91! lomluctor a is joined at the hack by a eon met ion 
(.shown dotted) to .mother conductor a' situated nearly 18 Jetts tiieut 
degrees apart Two distinct nicthoil-. now‘present flienwdves, 
bv which the loop may be completed and a second loop slartrd. 

| 2. (I) Lap-winding. Hv the first or laf>'UinJ>H£ (Fig, 92, \\ 
the' end of loop a - *T is brought back and joined by a 
connect ion which also leads Kirk wards to another* londmtor 
that lies within the- Jirsi loop ; the direc tion of traversing the back 
connection when 1 racing out the fits* loop is here regarded as 
forwards. Thus, when jjie pnai ^s is further repealed, the winding 
kix'ps mi tel inning on itself, i if riling o number of overlapping 
loops (as shown by Midi a developed plan as tliat oj big. 84). whence 
its name originat«*s. Vet the winding as a whole fcradually " creeps " 
round through the magnetic field,*'u order Id add up the K.MTYs 
of Ihe cundiirlMKS. In the 2-jiole mar. foj economy in copp«f 
and to avoid crushing, the hunt embcoifucctor will evidently be 
made to jkiss round the shaft tJh the same side as the hack eml- 
conneetor when the span of the Imp is less ftyati diametric. 

| &. (II). Wm J Winding■■■-By the second method or trove- 
uin^ing of th«' drum (big. 92,*ii), the end of the first loop a - a' is 
connected in tlie 2-pnk case to another ViAiduc to* b lying outside 
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the first loop, whence a second loop can be started. ^The direction 
of traversing the end-connections from the original Mailing-point 
i* now contiguously forwards, both at the hack and front. It 
must be part te alar I y noticed that in the two pole wave-wound 
drum in order to avoid crossings, the back a id front end connectors 
uf the wave loop must W on opjvisite sidrs of the shaft, and in order 
to retain the same direction of *' creep " o! the winding as a whole 
round the anyaturc core in the tVu-p)lcMu* a 1 * in the l.ip-wound 
dnuy. it h the hack end connector that nmM Ik* made to difler 



I n. Ui|»J.ir .net in«i^i>j*'l»ir Up amt wav*- ... 


lintce. the direct mil of t living through the tank end i omn< tor 
l»ring regarded as forwards in Ixith lap and wave winding, 
the direction of the ‘’creep" through the field in the two jwde 
waw-wmmcf drum is backwards. In other resixvu, two pole wave- 
winding in its result is elerfrically e^uivali-nt to two |K»Ie 
lap-winding, the same " rm ,i ” being obtained m l*dh f.ws, 
ltyt when wave-winding i> e,x tended multipolar fields an 

entirely new btiire^s introduced.' ?f the oiigm.d two ]*<h* machine 
is cut through to the centre, opened and multiplied, it will be 
seen from the multipolar extension shown dotted in Fig. W2 (li) 
that w*avc-windmg efiahles other conductors, surh as c„ d, t, /, 
\yk\R. in the intervening firhiv'to be picked up m an orderly pro¬ 
gression bcfcirr'thc winding returns to b. \Y\ u-n any Mich complete 
winding is followed out in the dcvclojx-d plan, «nrh ns Fig. 85 
or 87, it is seen to ^ork contimi*)usly forwards round the arma¬ 
ture by large strides in a zigzag " wave,' whence its name. At 
the same time, whenever ij ha$ nea/iy made or has just exceeded 
an exact lo6r of the sfimalure, the starting-point for the next 
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tour will be /ouncfc to have retreated backwAds or advanced 
forwards through fhf original held. # 

| 4. The M cr4p” of tbe iratfazn winding.—Xhus by both 
methods the winding "creeps* through the magnetic field and 
the amount of the " r%rp" or displacffnent biickvards or for wards 
through the field per coil traversed is the fundamental fact upon which 
all the characteristics-of a winding depend, since it is due to it 
that the K.M.K'n of roib relatively displaced can be a^Jded together. 
It may be measured as a distance or as an angular advance or 
retrogression, or it can be FxpressiM in terms of coils or. in con¬ 
tinuous-current imdiipes, of commutator sectors. When so 
expressed, the symbol tn is employed for it. 1 

All coils or loops being assumed to he alike one with another, 
its value ,may be obtained by considering the displacement of 
the side which t>rm* tire start of each loop or coil, or to avoid 
romideriog the tide*, it b better defined as the relative displacement 
of the axes of the coils per coil traversed. 

While easy to folluv' in the case of lap-wound coils, the idea is 
not at first sight so siixple in multipolar wave-winding. It is, 
however, rendered equally simple if«*he " creep "^icr coil traversed 
is referred to an imaginary eligible pole-pitch as a common standard. 
^Actually the displacement takes place, not in the same pair of fields, 
but in successive repeats of the first pair. Thus, in Fig. 92 if the 
two dotted pairs nf |x>les are imagined tn Ik: totaled ini<> coincidence 
with the original pair of poles (shown in full lint's), the "creep " 
between a and c and again between c and e Icmme* nvusumhlr 
in the original rhaihfe jude-fAtch, ^ * 

This fuithei selves In bring to light the nflist important charge- 
tetbtic of the wave-winding. The loop-sides c and e may. and in 
most cast's do. fall between a und b , >o tliat if tire distance between 
a wild b is a sectur-piti h, the "ocep" can Ire a fraction of a 
Vclnr -pitch, whereas in a lap winding the "creep " nuyjk' a multiple, 
but never a fraction of a sector-pitch. 

| 0. H» dram-triAding element. -In the linidu d armature the 
winding may bc t regarded as nvylr up of ,C certain number {/‘of 
"elements," which are spariti'at dtdiriite distances apart and 
are coupled together after systematic method. JCach such winding 
element may lie either a singlp bar, in which case f f — /, or the l * 
conductors of the side of !t coil oUf turns, whether wound side by 
side or on the top of one another,So as tp form a separate little 
7 V ♦ . 

group of wins, when V -- 1 To define the order in,which the 

* ■ ■ 

elements must final!Jr appear a.4 connected together, winding rules 
cap then U» given, expressed in terms of the numbers marking the 

•Hence, in Chapter X || 8 10, IhrHirr^k Jctlff fi vru,di<Mtfl as the 
corrapomling symbol 1 for the displacement u An angle. * 
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consecutive spaces into which the elements in t&r finished aiduiuk 
tail* 

1%'. 93 shofc^ ;» Up and a wave-wound loop connected to coin- 
mul.itor sectors a- they would lie uf a conti ipious-currvnt machine, 
« and also 3-4urn c* ils of iht same two types, with *he winding clt- 
menu marked wi:h a ring. It will thence 14 jivogni/ed that the 
lap .twl wave connections die to W distinguidled horn the internal 
formation of 4h< coil in both altertut"i and contiuuous-ciujcii' 
madfine. The i oil nuy be Wobr.d lonacntnc.dlv on itself, ot with 
a regular propi *don id the turns after Lip fashion, amt m either 
rase when mummed to lie wound wirtt the funis on lire lop of one 




Ivh ftftrA/M* Kwat au;k*J *llk ft f:ftf 

1-ju 4W Ilium vtirulinr; rtoiHiiti 

• • 

another ■ >i redmed dowuHo .* single \**>\\ it 1«c»nrnrs e^-nti.illy 
either a lap <>j a wave coil .molding fi» to oilier 

similar coils. Jims ip Fig. 71 tin 1 »o|i«m1in mils ait- wave* 
connected, • * * 

Ilv some writers file loop oi «<*11 a** a wjiohluis been treated as 
• Hie Imm> ” wimting-clement " ol the dnrfli. Vet fur many irasojii 
it is preferable to treat each tuihsid* nsj>tu- indming “ dement,” 
so that the simple kmp ol one/urn is to lie regarded as composed 
oi twri element 3 . AikHMs use of the term is also the nuist con-* 
vement, since many drum armatiiH* are wound with stout ham of 
copper, eat h of whid^U in effect ^ half-loop one dement ; the 
complete loop wjmh fc finally the char art riislic feature, is not in 
evidence at the outset when the process of interconnecting the 
component parts is beguQ. and ■it is just at the commencement^ 
this process that th$ armature winder requires proper rules for his 
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gimUntc. M cfeirtcnt of a drurrf armature will therefore here be 
taken a* either a single bar. if there is one single loop per coil, or 
the group of combtitis terming on*- toil-aide; «u(h a group is 
treated an d it weir a jingle Iwr. whu h amount■» to crplaiing tire 
foil of »unv lum* by the loop of one turn How nunv turns 
there arc in the toil ui t h«'W Hi* y ale wound need not l>« considered 
when only the oriI«‘ily urijjjnttun of their ends after a rrguhr law 
is m ijnation. 

I 0, Tfat component pttchci fcnd rvnJUuit pitch. I he piuh *>l tlw* 
emi t ojin»i in.n uf a <<ut is the numU-i «.f elrmr-nts ni winding 
sp4ie> th.it mii-tl Ik* < minted nil r• rulid lh»* aiiiutme «irt um(ererice 
In firnt the element vhl< h l> m \t Ul M-iU * With the rirmelit front 
will'll * he -a .ut i*. made >nn«e eai h *»j the (' element's has a hark 
and a fiuht t-luL the pit< h of tin* two end-< "lilm huh-. must be 
distinguished lesJieMlVely as V. alld y 9 . Ho»Jl JUUst Ui-usslhly 
1*: whole rmrnlM'is. Mailing ft«>in some element rii.uk»d as No. I, 
the ililei t|..h of I hr hai k elnl i« ame. f l-«U h.'tn It Is 1o Ih: taken .Is 
giving Ihr jurative dim tioii m wliif h the imrrtUniig of the elements 
is to tin Meed i oil MTiiliVrfv up to the total of f’. I hr b,u k end of 
the (vjtll element |> 1 ll«(l joint'd to ttlr Ky k rtvl of the ft j y.)lh 
I'leJllelit, a id the front end of the (i j y # )th eff luent Is Joined to 
'the front md of the (i f y 9 •* v,}th element. 

The rcMi/frod t'T total f>*t<ft is the a/jvAraie Mini of the two 
i nmpiurut pdilies, i r 

y y. l v, . (45) 

It illiluates |i*>w In in elenu^ilsot winding spa*rs the start of the 
v'fotid roil i-. hunt the start of the ftfM * oil. No 1, and when the 
elrmrnls are distnbuted in <-«jm-distant gionps»»vtT the whole of the 
a i mat lit e |vrt|4if*iy. it iiummims m terms of elements the actual 
advance (not m ihe wave i,isr the “urrp** as ,iIm>vc defined! 
through tin* magnetw syMrm that would lie mane «•> Mill roil i* 
formed. In the lap winding v f is negative and smaller than y t : 
in wave winding, Unh are }MM(ivc avd may t»c njual or unequal. 
Fig 94 shows the two Ivj'rs of loops as connected to a commutator 
in the ton rim ions current dyimi.m, wifh the^pitches marked on 
them. 1 

Frequently and especially in continuous-aurent dynamic with 
toothed nimaluics there are tw<^ nr inorr layers id elements in 
each slot. In such cases for the purpose of cakubfing the piV.‘h 
<d the winding in elements they must l»e numbered aft.*r a definite 
order in whuh thry would kcui if the armature were nuwk Mnooth 
anti the mi!-sides W"re spr™! Hit evenly jVer the core, and a 
distinction must fie drawn bet ween the pitch of a coil as reckoned 

in elements and as reckoned in slots (c^. { 12), and also between the 

* * 

* In the Up cw, an advance of one com mu 111 or srcUrf per cud Of y t ■« I 
it MUlWd. 
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11 creep" when uniform distribution of the element* U assumed 
as afiove. and On* troe "creep" by Jung aiftl abort stq* in a 
toothed armaturp. 

Lisiiy, for the teas<m given in $ 1. thr h*ik ptuh <an at mice 
•be Mated Irf I** i» pnei.tl 


r 


1 -P 9 -P 

when- nuy U' ia - i", «-< i> y’Bir '•null tpunliiy m 
iiijk' a whole imuiWt whrn h r 2/* in ft muli»|i»*! 


• i-Wj 

M‘isiiy either to 
A\ dviuiinr i* not 






In) Vifi 

h<. - 1Vvrluf fptriU♦ la]’ and wave 

4 wl*-4e nutnik r m fn mVi purposes lo In- m< nti'>n*d in $ 14 
it is thrief'»re in th fmnl jetch that the dit^oim bi ‘1 ween the 

L<p* .of I w4V» v h "Tim-t ted ( <nN is tiiadr 1 

r • • * 

•Open r.sp! i> VfiNuisr:* 

w f 7, Sioftt-ptatf alternator armature teindinn in one layar. 

(on fined in their list to allcm.it fits, np-THinlril windings do not 
from I heir nature carry vj mti^v conditions or require such rxirl 
Miflm trv of all roils ,« rlisrrlcirrmt windings. Fuller details 
toHstrurlKini and otherwise, both 1f*i viiydc-|'h:i<* and polyphase 
machines, are reserved until Chapter XXIV. If will only here be 
noted that thr alternator being usually designed for high voltages, 

1 It quit here once and (oral) be uiM l^it nothint i« «o miUuctive as, or 
can take the place of. the ictuil trowing: of dtapjtam* (including ruth as thaw 
ol Ftp 90.91. *M 9$ for the purpn«* ol <itiUinin(| a c lear mw ghl into armature 
vmdtQf problemt. « 
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and the wavfc connection in virtue of its adding up the inductive 
effect of multipdlai* firkU tamg best adapted to give such voltages, 
it forms the basis of many alternator winding* m common lue. 
deduced to it** most elementary form of a single bar per pole in 
I hr single* pi i a**'* (jy. the simple undulating zigzag of Fig. i*5 




ncctions here ami in similar diartrum* ate at >iie hark of the stator. 
The hunt end connections of the coih which appear in the left-hand 
portion of each diagram ah slwwn towards the inner periphery 
of the right-han^ portion. Hie active coil-sides or conductors 
appear as radial elements, 9 mi the kick end-connect tom are 00 
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the outet periphery. that in the right-hand dutgrant the drum ls, 
as it were. imagined to be pushed inwards and flattened out. Tl»* 
numlier of loops being e<jual to the number of pule-paiis. the winding 
wmihl dose, if rofttinuwl with the same frnpt-pitch from A‘ to A . 
*and th«* "deep" is here /eio. Bui the t until lie'iig open at the 
terminal* .! and .t’. and all conductors h>i?tng born traversed, 
their h iv* insd foi .my " to se* u»e ^ju.thir tour ot the 

armature. 

Hu! ev»n when >(rp up (m isf >thk«s air employed. a single 
bar |HT p*le |vi phase would seldom give suttu lt i lil voltage. so that 
as a nr\t strp, other tours of tin- armature might W nude as in 
Kig. % Except at Ji, V. v, — 4. but Iitivr it will W Jiothed 



Ml. # W4M Vi.-iUl<J Mill'll |’l* 4 .v .tllH'O'iT' 


tlut aflei t*ult tom th<> p’ttdi of the front end < *<niu« (nr at H is ■ 
shortened to y B ; ■- It. si 1 that annllu r tom 1 an l>»'t;ot<-d ; a ” ctrep " 
rr<h1ts v and the positions of the hats of rad) tour referred to the 
he!d*of a Mandud «JouMr t>dc p^'h gtadu.dlv Trfrral bar kw.mh 
The pi ad ural disadvantage <d the ;ma mvnvni ■ * that everywhere 
of widely different pitenlial incur sole hy side, and their 
insulation i> |it<ip»rmnatelv difficult.* This disadvantage, is, 
however, removed without effort on 1 lu- K M i of the phase, if 
the same r^ndui lots a!*- converted •info* 4 lurn lap-wound roils, 
wave-run nuclei I (l-'i>r .97), The rurHj*-neij| |*ifdirs 4 the h|Hoih 
are I lien v. 4. y p r II; the " rteep " in tlngeforr hy one wind¬ 
ing spare |»cr cmj traversed in a lap group, hut there is no further 
" creep ,f from the addition of other bp groups. 

Bv a further re-arrajigemeftt. the component coiU wjthAit 
alteration to the EJf.F. could be wound concentrically, while Mill 
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retaining the wav*-connect ion, u shown in Fig 71; the only 
nice thereby intrbducrd it that the terminal* of the winding fall on an 
tp*id# ami an outside end instead of on the ontudrt of two adjacent 
roil*. The jMevsihility of the <i.m rntrtc arrangement Is limited to the 




iMM' f( a winding dm single t.iv<A, s»i h a* ha? M<»ne been cntvudrrcd 
above. Hut the type of end-connector shown in. Figs. 96 and 97 
whether for lap or wave, is $u#h that the coils could pass one another 
in order to be arranged in two layers, and the subject of two-layer 
windings will again be resumed in Chapter XXIV. 
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CLosEixiEcrnr Winmnqs 


| i Hu ifrphnikil oondWom for clmr*. When we ivts& tti 
dosed-t ircuit windings, a nuiuU'i uf new conditions, which closely 
define what is possible in* lunu .illy am! rhs 1 m ally, 410 introduced. 
The <*n!s arc uSMuni-d. a* in pr.wtuv i^thc 1 tsr. to l>c exactly alike, 
of tile S.UIU* -pan. and to be symuirtlkallv dMlibuted at espial 
disarm* totiiul the entire aj matin c priipWiv, m to h* giinijn-d 
in flimlar Miull group-*, eg i ithin u*r >lot, with oped distances 
t**luivu the se veral groups. The uprn-clldrd windings of, mVi 
F ig, 95 m Fig. 9 t» iiiifflit end anywhere riiih perhaps 4 half loop. 
But now Miit 1* .1 winding »hm tr,m*d completely through i* to dose*, 
all tin* unis, in Hiitiiler, mo t be M*mplite, with two toil -iUcs 
to r.uh, ** that V 2 * is a multiple of 2, md then‘foie an 
<wn numBr 

When the toil Mde-*, if in iw,» 01 iu< 4 1? layers, ait* imagined to 1 m* 
spread out into a single layer .*> dr-uuU'd in lj 8. ami numbered 
i otiwniUvely round tin* armature in ^Ju* due*lion* of ,he back 
end* , -miei ?|mh *>f the coil-*. v fc which foim> the *iaifinjp]»uiut a 
t vuy liiu vi n num!* r i<q responds to the '•(ailing side of .1 toil, 
and rVfiy t v« n n sniNu to an opposite <>J finishing sh>. Since a 
back end-< ••nnn ten j>ins ,,11 ehniuit of nfir-vm ucjuiI**! to an 
element of ovi ri ncmlo'i, and vwf with a hum md-< on nation, 
r.i' h of flic two pili h***, y„ and y, must U* .in imtvf* nrtw&rr. 
I ho 1 o* nil a nt or^to|.,| [Htt< )i, y v, J y,, i* theiefore 2 or .1 
multiple o* 2, but ( .f grr.itrt imj>oiUnu\ the 4 t nae t c piUh 



M) 


mutt If ,t uhoU num^rr 

llu: nunjU-r *)i joints milting the fundi of ... and 1 lie. Mail 

of a not he 1 1 oil U f\ and at ea- h joint a MUiiv-Hidn 1- made in the, 
font mnous-< urr« nt maclmi* to a r/immutat or sector. I here .irr 
therefore as many tommuUlor sector. as Mien* arc *otK v« that t', 
st*yid* iiuhlfcirntly lor the tot*] nuinl*.-i*'l either. The average 
pitch i> tlvn also tin* com*nul4t'<T piu.h, or tie- ills tarn e imasiui-d in 
commutator sect us lx*lwrcn the st.ir> <i( one uul and llir >f.irt 
of the next coil in sucrcvunn. In tT^ d-c iicmt winding, tlicu fore, 
although thev* are not cr»nfimd to conttmn»u^<urrent machines, 
ij measures, in trniw^f coils of commutator xeetors, the advance 
made rouAd the comniutator roil traversed <tt the actual 
advance through the magnetic Jeld if the coils were spread out 
evenly into a singlellxycr 

Fig. 98 ifpditios Fig 92 for the more definite case of*a cl»«icd- 
ctreuit winding with comnut^twr altar lied. Starling a coil from 
any sector or riement frmked 1, its serond side must be former! 
by an element of even number separated nearly by a pole-pitch. 
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if a or (, readied by an end-conned ion at ihc batk of pitch 
W - 2 1 ' 

y p *-♦ 7 or ^ by formula (46) KWm-nt b must ^ui I* taken, 

since U‘in# a it uncvrn number it will itself Ur subsequently wanted 
to (nrm the sl.irtlli^ |N>mt of n toil ; whether a Of C lx" diosen will 
lm firtin^f liK K'iy to altf-i Mu* hand i*f the windtiitf, hut in no other 
way affect ■» its * harai teiir.u: feafuio. In the prc^nt t *|«- 




vaso with an even nuinU'T/$! commutator see ton and tin wmdmi; 
disposed m our Liver, the li>op spans a chonl slightly h^s than tin* 
diuniHcr. rj*. 1 8. ot is m cffrrt avmmil on' "lie snle of 1 tie t ore. 

Thence front the front end of JJ a >&ond r^l-iotmivtlon leads <w 
to <i mtnmulatnr sector, and s*> to the tcginmntf'of \he src-und 
loop or toil, hv the*Up or wave method. With an uneven number 
of volts or sectors per pole pair, rfu? component’ k*>p (vp. Vis'. IlM) 
ran t* diametric. with a luck pitch v, -• C 'If* as kjviu* a whole 
uneven number. * 

19 . The number of Unitgandwt winding *,-^ 1 VVTtcn all the 
dements of a winding liave been traversed dqce, that winding 
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re cut m on it^U ur fk«rt. It is not. howev*}, necwsaiily th* C4te 
that all the element* on the armature as 4 vuha'c must have Ixtn 
traversal Urfbre any one Minding ihat i* being traced close*. Jxt 
Ah am) y, HM, where A is the h^nst common fat tut lenvtvii 
tlu* numtwr of ro*k am! I he average >* commutator piuh. and may 
\nr I or tnurv. since m traversing onr< oil hum il> -.tan lo the *tait 
of (hr Hrxt, v t *ull- or sr<toj>4U‘ jMsvd by. m joining up .1 Coils 
A v t C«iU »>r vnl«*is haw 1 vt-n fussed by. l>»unti thr |x-nphciv of 


the .irmatuir 01 1 ommui-ttoi. Ui.f Ay 


^ •, U. .«nd 


li is by .oiumph.in a whole number Hi ikc when A «utU have 
been joined up, thr muimutator ha* Um j».nso| round 4 whole 
mimlx-r of times II, and also for ihr first time the umnl ha; dosed, 
thr starthaving again 1*crn readied 
If, tli'Ti fuir, there ii>> i ' imjv ii f.o lot IkIuviii y f and f greater 
th.iii unity, i f if h 1. th«’< uminubtloi pit* h v, h* 1h«• milid*el id 
loiiiphn- tniir* iMimd tin- aintaiiiri 1 made U fr.ii tl>i wsrithi^ i 
lint Hi fla. inv| mit a wutdiiu: «r im\ h.yyr 1 «' pa^s t >fmd the alma- 
line **i ri.inmntni..| s^-vn.il lyurs r. ,*t i>nu> e\id« ut in the < <1 

the w.ivr windup < I sc Hs oj K 71 fti siv doing. the thhhIhi of 

• .*iis Joined up is A ■ (\ Mine A 1, 1 f )1 is the whole I l)u foils, 
and then it onlv a single helix . lo«« d "ii itsdf 

Hut if h 2 of mute, the numixi of loins found the aim.itme 

■ a t <'mmui.it -* In-J.'I’i* .1,winding 1 . 1^ /.’ '/* ..nlv , .. 

• h h 


h.ixe held ^mrd lip aJid ihe hin.iind'l f<»im Ifili” 1 if 1iv.1i rjitilelv 
lHitl‘ 1 ^ lulell! hehirs .1t}l dosed «*n tt-v If 

I hr H.t l id v r and f thus 111 all 1 .is . gives ii ic number «7 
1 HJtpChJrni \t\l /Iffiti's Mil tile aimaluii as a whole. Ill the 
simple < a^es illustrated m l'i*>. Ht HI. v, and r had 110 lomrion 
laitur gn-.fh 1 than 1 . so that only a Much Jm h.x »rsuited, and tins 
is thr usual wise H»T thr ]»»sMhihl V >d a s* « .,nd liub jn mk)d * 
hrhx “I ,v«n of two "t tunc *udi addiitoffai helves, mtnlravnl 
Ixyiull llu- Ilf si, Ji.'-M Im |e. when We pass to filter a I 

winding foimuti- m 

| 10 . Etoctrica.’ oonditioai. I hr jiyedniK i i H H haxr <leali 
with |«ltrly lut'f hanu al infiiltfinn** that .ms- in tin- ol<b-llv louplmit 
up of a numlw-r of simila: och mf.» it <)o^d^inuii uirulin^ »»i 
XMnrhnusoii an arnMttpt, and .VitJim^ h.u |» « n Mid f *n fhr eliHiiuat 
siik, • 

In t hapicf X. j 15 , it has Iwn sjfuwn that lo 4V*»id any t in ulatinu 
nurrnt of fundanu^it.iJ firf|urn.:y. thr »*nly iitirssarv iomtifimi 
is automaticalX' obiatnol ulu*n tin- cmU are disjv^rd r^umd i}«* 
entire armature with 1 uniformdisplafement U -1 worn ea* h or U tjwn 
each final! (froup of c caili in a dot Even if the differential factor 
for the cud -span ptmul* an allemnttn^ cuitenl of higher frequency 
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Every limr m ntiriy complete or over-completed tour nf th** 
armature is madegmd we return to «t seel or near to our start mg- 
p iinl> have Iwen traversed and p - l SMtnrt have hrrn 
toiUhed at itt addition Jo No. I? In the mnlUpoLu machine, the 
p - I w lots arr,lh»n to tie thought of as transferred with their* 
toils ha nwtiion where they tightly U*li»ng. so far as their 
displacement in a single standard tield is concerned Attention 
ru*ed only I*- drrrtfed to one side of r;t< li of the similar • • *tl■*. and 
the diagrams take tin* fonn*y shown f it |*ig W fh» j tours of "the 
arm.dure by loilg sttidrs are thus di*| tensed with, and the uim* 
Ik'I onie> anal'^mis 1o that of*thr Iso job 1 lap-wound rwa« June 1 
It tin* iiei'p m is I of 4 whole nnmhet of -m* tots (i r t p is a whole 
III|Iii1hI,i. ihe tiansfelh'd sr'fot„ eH.u lly l otn> ide with lb"** *d 
the oi igtnaNlniihU' [mlr j»itt h tJiiii I'lg W tij give , the re arrange 
mrIII of log 87 wnh P pan • of palall* l palh-. and tin* same diagiam 
would npi.dly well lepresent tile lap wound mm- <>f lug 8*’, whvh 
shows the ecpnv.ilrnir of Mi* iwo If m m a pr-.jvi fia<ti<>n and 
«f^ t>,ks in higs. lufl and !<*>, the tt.ili •l* , iled si'tli-r* and md> 
ale silllplv interleaved fn'twrrii th I >M* I I f the /-Mgin.ll d'lftde 
(Nilepttih, as shown in lig W in; and im If m an 
tmpfoj»ei Iji, ntion, suv. I) m a 4 j**le in \* Inn*-, tie’ ti.m— 
It'll ed sri t*>ls ,11 e again Intel leaved wilh the "ftgltid eil-‘|., tail 
the Just Intel leaved sector from No I n*>t fall U tween Nos l 
and », as m Hg. IN (til), hut In-tween No, ‘^aii‘13. as in Pr( um fiv) ; 
the data for Mir latter lupin' are f* I7 P v tf t>. m ll. >o that 
the winding is triplex, »«/■ Utjig li ( 

I 12. Slot-pitch And «lem«nt*pitch^ Piny, .dlv alt modem 

c ontinuous i mirnt ma« hmes have toothed armitnte. with the 
winding dis|M*rd in two la vets M in an ill me hm*^ in fo»n lavefs;. 
Oil this account eVetl when t]!»■ etolHetils have lusti vfioWft in a 
single layel ♦•» a^nionlh siufaie ai mature, as in I'tgs- VI 87 the\ 

■ have I n'eti group'll in pails, as t h* a v might !*■ in a tooth'd aim itur*- 
with two roil sides jvi* slot Irl -uteh la^es it has hern stated that 
the elements must In* nnmlH-ied legulailv they would fall it 
Sjuead out niilfoifhlv iif o i»iir |ayVr. Ihus lig llkt sfmws t%o 
anangeineiits |»y which the even numbers wonfll fall leiwn n Mie 
uneven nmiiU*rs m regular TKiler. 

I he «IKl im lion must thel\he fioted In-tween Mie pit* h in elements 
Atid the pilch in slots, as m big. 11)0,\ here the >lnt pitih of ihe o»yl 
is in Uith oiM’s 5, while the eh-mrnt'pitidy fn the t^o yw*' i*- III 
ami «1 When the winding table m elements for anv«lass«»j winding 

1 A etii*‘f .v I vantage the fur this! i« tlv As-sot^iio* it render* m <he 
UrnwiriK of n•liitmg fs'hgi'm iwh as V'tg^ 1AI amt HI l»v militating th*' true 
dispatrmrfit nl tile vrt lem of the nml* m then proper punier A imielli 
arnii^ure is here Uiiltv aiMimni 4»vl it tws the of each 

pint group must t»r taken fogellier. the feue tti^plarvment or*" trtep " through 
the field rnd t’einj rrposltK'eil in itie uniWiu jpavjng <*( the ureter*. 
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has been drawn tip, the skiis numbered tx?aseu^tively in the direction 
ul^ihe back pilch bum Xu. 1 which contains No. I element at one 
side, and the older id jiwnheitng the cleinrflts in a slot settled, ii 
is easy to jkwi ftom ihr winding*table in elements to Out in slots. 
Is-uh rkuirnt number in the forme* tabl must tie divided by tin* 
iinmlfi <d rlrmrnu in .1 dot , if there i> tii> ie»u,mier. the ipioiiem 
Ktvrs 1 hr imiiiU’i ol the dot, and l Ik* tie rn.nl is the last one which 
ioiiijjic trs the d‘«t in i|Ues(iun ; f if thei« i; .♦ iriyaindei, the element 
l..#s into the tii\t slot to the whoh- mitnUr. alul m the place 
iiu If cat id by 1 ins remainder ♦« 

lief* 4 r pl-M eedm^ lo i.oJl>uieI 1 *p and wait Winding in detail, 
it may here at ojue Lm* Mat'd that in N*th t\jrs with a wmdmi: 
in two layeis, ii toinpleU' similarity <<| a’l mils is to lie retained. 



ill lift 

1 i'. I mi v V l iMlIi and rkmoit |Hl*h 


it I* a |i*» e-".|T V tli.il 1 he h.ehplMi i r* h* ►tied ill chi writs HUM 1 h- 
Mjtial lo 'A whoh wamilir y lulllilul of i oil ^ides m a *do1 ; plu\ 
one; \( I. wh't* n is tli« numhu ol *m 1 sides hi 

a slot all.! \\ ^ lie balk pit* h HI ‘l"t\ and llils loriihtloM *•< 
simiLoii\ . ] all»oih '•*’ universally "Mains that ?t may l*‘ regarded 
a'* the ii-im d < .ef. I he ha< k dot-pin Ii as s*> oViji ii, iiarn l\, 

i v p 1 

i*, h HWj 

• , 

nitisi then U 1 1if*ked 1 v ronr/n^'ii wnh tJie judai au and the 
pole-pit* h to si'** ih-ll l( avoid'* (IlKrlditi.i! at HolJ . It t11t|M exceed 
lie width *d ihr p*»k ii< r, and m fa* t should not ,ippio.u h »t < bendy, 
and oil the other hand it should not greatly cv^ed Ihe pile p»Mi 
- S i!/». where \ -■ the lolJ nmnlxr u\ dots. 

Ktiflhft, JUlh a w riding tn one haver It appoint Itoni J*igHM 
tlut ih.» hiik pit* h id the roil rif k**ned in elements rantiM lx* *jmtr 
dianutrH with afl even minder of coils yr *<1<*rs \n-t jade pair, 
hut can be *» with an uneven numici of rods I tut rum- when 
reckoned in slots, the reverse is the rase in lb* nr mature 

with a twieInver winding . Vlrn the number of dots p i pV-pnr 
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i* even, the back pil^h in slot* can be diametric or exactly equal 
to a pole-pitch/white with an uneven number of slots per pole-pair, 
the back pitch must fall short of the pole-pitch by at least one-fialf 
of a %lid-pitch— a result which lias the important consequence 
noted in Oiaplcr X, § V*. 


‘ {1} 1,.M- WINDING 

| IS. The oonmtiton between y t and m In the Lp-wuund 
armature, the commutator pitch, y 4 . »v immediately {he *' creep 49 
o! the winding through the tvagneti«f field j>:r o»d traversed, i.r 

• ** tl 
Y< 2 m p - ■ 

Siiue^y, Jiiiist be .i whole tiujnUi, it folli/w*. that m must be a 
whole numWi. y, must In* I, 2, . se*t<tis, Therefore. 

a --t mp can only In* p, 2/>, \\p . . . i r. the as the number 

of pole-pairs, or some multiple of that numlxr 1‘snally, a p, 
and the numU , r of parallel paths in I he annul me, q j J£j 2 p, 
liw mmitar of poles 

U >V is Uia< If* gtrater than m ij. negative, and the " Mfep ># 
through the field is retrogressive or again *1 the dins lion of nurnliei 
ing the rtemruts. But since: tins involve-* an unnecessary irossing 
of the front end-connexions, y m i, always made 1r~»s than ». and 
there foie in the tap-wound mai hiw. m is positive, and the *' • iei-p " 
is prints sire, |Y. in the same dun tion a-. (h>* mimU iing of the 
elements. ■ 

| 14. Tha component pitchea for tip-winding. 1 lu- gi-nnul 

ton mi lae f> >r tin: two comp-autit pilchr* ate *, 


1/ 


V. 


“p 


and 


(V H - 


(51) 


f! :p /, 

fhe function of ft is in the first place tu nuke a whole 

uneven number. With an uneven nuirdvi of setiois pr pair of 
poles, or C'.p - V 2^ immediately a whole uneven numU r, b can ^>e 
Mru, and m flu* 2-pt»le fjw tlio tr^ k epd-com^ctn»n then joins 
diametrically op|**site elements. The hack eiid-vrmis t*»r must, 
however, piss round the shaft on one side or the other, and whu hmr 
title it takes, the front rnd-uonntvtof is also deposed on the same 
tide. Hut in a multipolar dynamo in glnrrat V m lp is not necessarily* 
a whole uneven number, and tht‘*s|x*ciid funn'ton <>f » then call id 

out to convert ritlirt a tract iimaf value of C-p. or a whole even 
numlxT C/p t into avvhcje uneven nhmbcr. Thq Utter is the more 
usual case. since, as will l»c explained m the next chapter, Cjp is 
usually a whole iminU'r in ordei to rtr ruler equalising connections 
jKissihle. 
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V ~ b 16-2 

In Fig. 1 - ^: -- 7, and y t numerically **7-2, 

* • * 

V) that y, •*■• w I. The completed winding Ubb u thu>- 

♦ 

(' Ho k end. 

I H ;* Hi 5 F2 7 14 9 ]rt 11 2 Id 4 IS H I 

. * •* loud rn<l 


In Fig. 8H the same pttckrs me /'tamed, and it is seen link m 4 
4 -jjoU* field, the mill now span .ippio^nutdy a ipwrter ol the 
liicmulrfcnt r. ‘Jhe.gr eater the imnit>er o! [ink's, the flat lei !itttin»e 
the coils, simr the ale scanned hy the hack connections Varies 
inversely to p. It i-. never advisable with a smooth surface arma¬ 
ture to use p|u\4 us unnecessarily increasing the length *<f ropier 
hi both end coniiru tors, hut if the multipolar machine have .i 
slotted armatme, it may ih rationally liecomr tin essirv to attd a 

it j 4 

jpostliv* l>, ,n m I'd; Ifil. when* y m 17, so that tin* leal 

• i 

julch in slots, y M l , may In- a whole* rmmlx'f 4* v t III, giving 
v* 1 * ‘I. would bnng the smIis of a coil within lh«* |»dar arc. Vet 
as tJiis is Ant so becpientlv met with, the plus sign is given in the 
formulae as the ms ond a It nn.it ns-. 

TIm* quantity Mui, however, another film lt««n, si»i e ij t-uahle^ u-, 
.it Wilt In sh*fi tell -.till fllllhn the |>i1i he-, Im'IoW the m.i\||iU Value' 
given above. I he I.I[» Woirnd loop of the smooth 2-]*ile at mat me 
with f'evrliis Mi clfci l i hoid^vrnmd. t-wu when the l*aak pih li has 
long as is advisable So long, howeivi, av y f r\, rnli the jolar 

Alt', it may U: nude shoilel than llw* jH.le pitch so as to approximate 

more neaity to the polar are, esp«s lally if llun latter In- small and 
the iiMiut>er ol elements Luge, the front pitch is then also pro 
fW>t (innately reduced, so I hat both end o»niuvtl'>lb ait* shortened 
nnd the winding has less u>j»i»et and less resist a nee. hut the * hief 
effect is that the two toils which are snimltaneoiidv slmri-circuited 
at the two brushes no longer lie side by siilvbut are separatcc| by 
4 small »ih> of vletnents cam.tng the full ^unent in opposite 
ilirn tioiis. In Fig 1 02 wit 1^12 elements the back pitch is Ft ami the 
front 11, and Iwtwceii a pan of short-circuited elements there are 2 
elements who** |on»t magnetic rlfer| is practically nil H the julrlus 
had been made tl and H, thr ion j vf v ndd h i ye included 4 elements 
with currents oppos'd. It will subsequently tie sewn Wwt what is 
called the demagnetising effect the armiturc back ampere turns 
w thereby reduced, although (Ins advantage Vs obtained at the 
expense of the short-circuited coili being rather far from the neutral 
line,of symmetry between ihfc pole*, Suffice it here to say that 
when by an iii-Tca** of 6 the pitches arc shertened-so is to produce 



• fro. Htf.-SCJviri vtii'bnf <4 Uj> 'Iroj*. 

U-32 >.<•* v, - - II. 

be ail*isiMe t«» tlir bars which Hre*siiiiuli,iinc»u^y ^Ml- 

circuital over »*h*l*. a initdrrale amount of (hotjl'tftinding 

has more ig its favour than jn I lit < onr*p«n4iitK <nv»ot h-surface 
ar mature* * • 
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f ML Mmgkm u4 mnHWw lap-wound annatatt^Aoeordtflg 

to the value ft m\ two main subdivisions are obtained 

{«) m mm J, so'thM a=*p. 


jre which thence results, and which 
has been described in Chapter X, is by far the most common. It 
always gives as many parallel paths for the total armature current 
as there axe poles, of#? «• 2 p. Each commutator sector is patted 
through in succession iiuh* positive direction, sincey 4 «■ 1. {/may 
be any even number, with the provisos that if equalizing connections 
are to be adder} it must tx*<iivisibl/by 2p without remainder, and 
that in slotted armatures witi^two or more layers C must be equal 
to or a multiple of l hr number of slots, and, therefore, U ~ 2C 
must be an even multiple id flu* numW of slots. 


{b) Wt *.« a whole numbei greater than !, so that a 2 p, 3 p, ctr. 

II al a given s]*w|l an output of low voltage but of a large number of 
amperes is to 1 m: obtained, the simplex lap-wound drum may yield 
loo small a numbin' of elrmenls and sectors for satisfactory working. 
It it Hot fjr>uf(l lit 11 if /r.i>e p, vir Ji i vises may In? nud by recourse 
r»» thr Htitilipli'x lap won mi drum, in whi< h m is xunr whole number 


g tea ter than I. Since the number (4 paiaJJeJ hrafftJies is q 'Imp. 
the number of aim.ilmv elements and s>*tn|s i> m litnes greater. 


and (hr K.M.h. is ontv rh of wtiat it w»uld be if the same mtmbei 

in 

of active conduct 01 •* wi fe connected up as a xuipleX lap umdim:. 

The difference lieiween the two pitches ts now greater than in 
the simplex lap winding, and the i-Mill ujl pitch, m-.fe.nl of niife- 
sjxindmg to two winding qMfes, i-. in< lea-cd »i tunes. Ye. y v 0 
|- y, 2m. t'i)ri(*s|'* | tnliuglv y e iw and ifoir.nl ■>} fin- inrujiui' 
lator sectors being ti a versed -ai.-ievavrlv. the w inding is it is 
continuous ]Y traced fmwaids toiuhe^, < c, it m 2 a! r\rtV 
all or liatv set tor, 

* Two variations a Hr nmv found to I*- ^possible, hojh of which 
comply with the above requirements. If y 4 anti C have no < wumnn 
lac tor higher than I. \)u*H as shown ill $ The winding »*i i»* 

single closed coil, ^nd wtyefi it i. Ii^ versed flu'MigliMUt it is f.und to 
make wi passages louitd the aiut,Wute. aiul theivfn i ]im< on p.seli ; 
yet when the 2p s,u> ot bin*}>c> air placed on the commutator, u 
divided info ‘Imp parallel path\ On the other hand, d the lug last 
common factor of v r and 1 is twi or more, iheie result two <>r 
ntoie independent windings. q«li >rparatelp re-entrant mi itx-fl. 

38 * • • 

In log. 10ft y 9 - 2 aiul (' .« 19. so that the winding is a single 

1 :#»* 

closed cod. In lug llM. \\ 2. but C ■■ ;■» 18. so that their 

highest common factor is $ and n>o entirely independent 
windings arc obtained. Both the aVove jkc iasUnr^i of duplex 



AMiATVtt WINDINd *17 

• 

winding. and in either case 1 each set ol brushes must have 
sufficient am of contact to cover more than one commutator 
sector with its insulation on either side, so that each coil may be 
successively short-circuited for a sufficient length of time to enable 
the torrent in it to be commuted before itTs thrown into connection 



|V. |»M J »*)!»« . . I i (*•?' flfimj Hilh I v i. » n.J* :.t 

C-1 S J', # _i t * v. * 


fl ft 

t?uy m h l>r ■! in "fflci tu nhtaJJi flir- ihaj-nmiIV 

wuhii, 4^u- an* inter leaved just as 11*oi|s 

arc, Iml though iri* either < i-r * .i< h r«iri is < ha Tip * I from one 
parallel path tn .wither every lime that it fwsne\ » brush, the 

1 T.’iiItm thfcr« *rr l*r> f™r5tnvilar<ry one il of tl*r rcMchiiy, with 

brtjth ItmU oupta'I l^clhrf 
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« 

peculiarity o i fir* form of multiplex winding is that, if any 

une coil be traced during a revolution, it will be found to 
successively through tmk <>ru of the |>aralJel paths, 1 and this 
in practice rentier* it slightly preferable to independent windings. 
In the second form it ir apparent from Fig. 104 that the dotted 
winding is simply a stti.ond winding a third to the s<imr armature 
core, and uitcijxiUh-d f>rtwrAn the cods of the titst winding * the 
;d tenure lomumtator s^ettns thus tM-buig solely to t the Hxond 
winding and an* .ucordingly shown .shaded, 1 • 

Ihe indiii t-ff 1!»M F, of the'lap* wound armature* is thus in general 

'***• ******** ■ • <«) 

witlj the? sjiyriu] f. am in the? ordinary simplex case when a ■* p. 

w.. 

\ 

A, <I>,— Mr" volts . fVJ,r) 


• * (2| t WAvr-wt\niN»i 

| 18. Th* connection between v, anl m In tin* wave a miner ted 
anna Mite with f mils m Motors and p jm> 1'*-| Mil's 

(' a 

v.-. - .! "* !- . ■ ■ S») 

y, is tisknurdlu I he fmw.ud dun lion of uiim)*ri iug. and i** always 

• f ' tt 

jMKtifivi*. A*cof t ling as v, exceed* oi is less than tin* " itirji 

w may lie eilfirr |»riigrrssivv I'posifiv*-; <»i r*‘M igrrs.sive {negative), 
as shown by tin* double sign at bu lled to m. 

If ( is exactly divisible by P. v* must Ik 1 made to ditfn from f'p 
Ijy At least one wtnr in oidc*r that tlien* may In* *>ine jreep, !•* 
jittake v t Cjp when this in a whole numlyr mean*- physic ally that 
the winding would clryj after only one tour of the at mature and 
after touching at p see tors only instead <1f fussing through t Motors, 
the result would tln*n lHv*xactly analogous to making m m the Up- 
wound .u mat me zero, so tlAf ea« If mil •dosed on iwU 


* l’»W> Mather ainl 1*1*1 t'l Uni Vat 7il8 Mud Nrhr|\ 14xif 1**1. 

Nm. ( 1NRU) and JKUo ^ 

1 Hy mam authors tin* trrm* " rfuphv" '* triNfv" «*r *' multiplex '* are 
ronhnnl |c» thr av*r« when tliere alr g l%u> three* nr moo- clitirelv separate 
windings, atnt thr trrnjc ** chmUv rr entrant," " treblv re-entrant. V etc , are 
UmsI to thr <*nc*jn which thr Arinaim** i Ir^a rwl m nmrs hv thr 

Mmr winding 1 white clo»ing wp*»n itvll. the latir-f ft'nm appear, hnwrvspf, 
to he inappropriate *n«1 mt'leading. ciimt no winding can 10 thr «mt wnce 
of the term ever rr enter upon more than onn\ and rt n jnM in the 

cam?* M independent winding* that on any liven ayjvatiirr tjbcrcsmay tv more 
than one punt of re cufram y. . 



vtiuini! 4 ]»*!«* 4ri)in 


CXAPTBX XI 


230 


When dp, the nuxqbtr of »ectors per pole-pair, b a whole 
number, m mu*t 'be a whole number as in the Up-wound 
armature. Hut in the wave-wound armature, Cjp may be and 
usually in un iroj»roper frai tinn ; in this cav. m must itself be 
fractional or an nnpfoprf fraction, ami m this possibility lies the 
greater genera!jly of the wave c onno ted armature . Siikc n mp, 
by a unit able choiiit o' <i>ib and commutator pitch to make m 
itaifiond. its pc*alg«t wi*h p. tr u, can (afilhinetHully) be made 
any desired whole rnunlx i, I, 2. 3, *-t ■ , iiidr)K-ndrfitly of I hi- value 
of p, * r 

| 17. Simplex or two-path wr to- winding hi I) fi has Wn 
shown (Chaplet XI, | V) t)i.it in its application f<* a 2 poh- rri.u hue 
wave-winding w rlci fri<ally equivalent to Lip winding, and in the 
4*l*de ruadjiru- ilctivn! therefrom (Fig. 87} the iiwiidpLnne is 
still maintained, > tli.it u p. as m the 4-pnlr lap machine Hut 
I fieri' still remain* »n lie* 4-f Mile ease the serofid prsslinhty that a 
may Ik- I, giving 

ff 2 p . y t 1 2. whei** v« is am whole number 


► for example. 4 7* 2 •* 2li oi ill! (Fig 1tir>] in-tcad of 32 

as in Fig 87. " 

In this form with a 1 the %|*h iaj < lialai tel bin s of wave-winding 
arc brought out more cleatIv. Whatever the numU-r of j*>h-s, 
after having travers'd 2 p elements and so nude v-iv neaily ou»- 
exact tour i«apid the armature, it always returns to \\t>‘ second 
clement m fund of or Iwhind tin* siartirv?-point, pisi as was ah-» 
the case in the hipdai wave wound form, Mills in Fig Ins, stalling 
ftoilt, >av. element .S uiirL i a N poU, (lie back' cud cnfii)eclii>|} 
joins it to an clement 12 nearly but not quite $0* ahead and under 
a S. |^«U*; lln-me the l itnnt pav-rs m mji cession (<« a third and 
fourth clement (18 aiid”2H) nearly I8ir and 27n J atusul of the 
starling-porn l, and next to a liftJi element 3. which is t^ie sro«tnl 
.behinil the original starting pnut, lime after traversing ,»s 
many elcmenls os t hectare \ Niles, the w iruimg on reading ihc n»-ti 
element has always lost or gained two winding-space**, and by **<» 
much tlie tom of she immalurr is either incomplete or Itas Kttt 
exceeded. Sinutai tours an* m.ule" until Ihe wirihng hnalty dose* 
oil itself, and the numlier id*such complete toik's'is always equal 
to tlie average of the back and front pitches The total pitch, 
being the sum of tlie two romporu^t pitches, oi y \\ -f- », i- H 
ap|>rii\miati i lv equal to a double p>V-|HLM, but I he mninf 

i « , . . .• y, -f-y f I’ i- 

r da lion is that tlur average pitch y g «■ must t* •** 

4 * m * ** 

In Fig. 105 with four poles and a total number o( 30 dements, 


y$ 


7, ami the back and,front pitches are both ^7. 
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The winding (able « therefore as follows-- \ a , 


« Back 

j —a 

IS' 

22 

»■ 1 4 

i 

Front 

» 

IS 

22 

» ] 





_ _ 

• -• lit tour niniJrtwi 

nick 

'cu' - 

13 - 

20 

27 . 


Front 

6- 

IS 


-27 [ 





2nU lour u»«npir* <l 


hkk 

* V 

11 

itr 

25 . 


From • 

4 

M 

1H 

2$ 


• 

• 3rd tour comfit*J 

P 


1U< V 

: n 

9 

16 

?t VI 


t ront 

2 

9 

16 






- 

*• 4th tout 

(imjlruo 

Hiuk 

7 - 

N 

21 ... 

2K 


hvni 

. 7 

H 


24 

V 




Sth lour ca»in|>lct»sl 


iWk 

$ 

>2 

19 

26 


fi«nt 

5 

12- 

19 




*>! I) t<nS| 



IWk 

:* 

!<■ 

17- 

- 1 . 


I rent 

• • :t 

in 

17 

a t 




• 

• 

7th 1-uf 

i 'UU|.h !* , il 

The average piti 

ih i> n»*i 

only 

the nU11lt»Cl of i«i 

liiplrte ti nts of the 


armature as shown by the winding table, but i-> ais*» the pitih tn 
cnmmuUUft set tors, <»i the nnmkr «vf seniors which mi^t I*- nmnti-d 
'’ft to find the iUilrt in whi*h the winding di|*» mtu thr x-i tcirv, ■ 

| 18 . Tb* number of bftuh seta.—Irj thr nmltifM.l-i wave-wound 
at mature t»nfy Urn v l*-of briiskoarr uerewiiv. and if tills minimum 
mimlw -1 of set* i> adopTi-d, their is with font a ‘ linitr id 
at whi> h they may le placed. namely, the two pairs ««f light ,mgl«v 
With six oi any greater numlxt of their is a i}mi«c as In the 

angular di't#Uir it which tlu-V may l»e m-1 ,is lixc^ J*y 1 hi* angles- 
IniHtTii any yur of j*d»* of opposite sign. finis m ihr 
machine they may t»c set .it HO* or lHh\ and ig the H-pntc in.uJimr 
at *4S V or KfS'. There may, lj.*wi\ri, U as many ^*ts of Inushes 
as there arc pole*. and two d«ttf <KcU an slmwn ih F:g. 105 ; that 
this ix permissible &iil U ,# evuleni fioin an examination <,\ the 
•distribution of potl'iKral round Ihr i iir>!fhui.i 1 oi <»f, t {*. Wg. IU5, 
which slums that tlirjf* are two addfliou^xl [Joints of )<<w and high 
potential respectively where a«*nr a f brush could (*• applied 
and connectgd In thr casting brushed of thr saute sign (the diver¬ 
gence of the potential* in the dttgmm is due to the approximate 
assumptions as to th« Jv.M.F. of tws> volts induced in every clement 
without regard to its "position in the field, and partly a bo to the 

% 

1 Thu rqupllv Inx, iitho6|h wot k> *p'f*r«nl m ihr 2 |«4e form of 

F»f trt. ' * 
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i 

* limited number o( Mrmint* shown). In Urge machine* and wher¬ 
ever the dwmeliy of the commutator is sufficient to give rouip lor 
several wh id brushes without unduly crowding them or bringing 
the seth o{ opposite wii into bar iW |*oxnml>\ it is always 
preferable In employ U nuuiy >»rh of linhhr. as there are polrv 
Ihi* ann.it uir winding i» not thereby iliviik-il inl» mure paralk-K 
and the i-unetit in e:wh Mufdurtor srill remains half the total arnu 
tun- <*urn-ni. I he only < haiigc inhodii* t.-d i> that Uy- coils are not* 
shotl nil Ultrdj iuit only at Olv: set «f hnislirS, but also by tilt leads 
tonne* ting bm-diesof likr polarity. II any vet <4 brushes be specullv 
in iM■I’ssihl*’, .is on tiai/ion iiffltnis, it may b«- omitted, and a b>r.d 
rminbi i uf sets iuteifhediati: ln‘tween 2 and ~p br employed. 

I 19. Freedom from effect* of magnetic djaymm®frj. -Mulu 
jxdar wave-wound m.u him s |mws\ one signal advantage. which 
is not sharrd ll^ 1 lap-wound uuihmrs Karh «*l the path', through 
Ihr atuutmr winding t onsets of rhim-uts uifliitiu i*d by all iht pules. 
Hriiir if fur any i cavo. silth as »■* renin* ity of thi- amahiie in 
(he Ik pfe, oi.Hhnpj.il |wun«-au<e of th«: <Jitf«r*nt magnetic < if nits, 
Ihr inductive ail ion of nnc and its adjacent height pour is not 
r<pia] to the cm j rsjioudmg action i4 another pole, this will have 
no effect ujniji i he etpiahty of I lit volts produced in the different 
paths of the aimatuie winding. Ihr simplex wave wound mtiln- 
|>ul.ir is, llirjrbnc, like a hi-|»oLii drum in that there is w> fear «4 
itir<|Uahly of M M l*. J s m its two ai mature biamlit, 

| 20. SeWtire commutation in wfTt-woand maitum with 

epNUot brushes* •Mut d the w.tve*W"imd drum is tjsrd with .o 
many sets nl blilshr- as I here ale poles, tj|r advantage svhuli it 
possess*?* tiy Mason of the rrpuhty '4 the IvM I'.’s m its parallel 
branches ii to some rvtenl discounted bv a drauha< k winch m 
peoihat to 1 he winding. As soon as the attempt is in ide to take 
^liill advantage of its possibilities by applying '2j* sets of brushes 
, with a coitrvp'ndiug icdiutiori in the length of tlu; < • imimiat-'i. 
the- disunity arises jhat eipiul division id the current Intwiren Un¬ 
set* of bnishi’H whirh are <4 the sum*- styu I s entirely ikp-ti'kiit upon 
the e*»ntact-M‘M'*fafue # uf flu* sr|s fo'ing pfaisi'ly rtfual. Ir| the 
wave-wound driun there is nA ‘aiitnmUu clunk due to aim itute 
reaction to jnevent unetptal division of the .current h tww ii Un t 
various sets ot brushes. Might < lifter erice* in their * ontact-rcMidantes 
must inevitably tuYur, and. further, ate more or less variable ; 
the division ol the current U'Uwii the set* of one sign will therein* 
mutual and will fluctuate, so ||i.it at mu? inoiiuntyfti.ij^ one set 
may be carrying l»v far the larger |urt of the current. This effo t has 
bet-n called sf/rviW cummuAihan. and in c<Jnsequence there nuy 
result Uouhle from spuikm*^ ami from overheating of the brush 
ups. Hence in prurtuv it is not ^dviable to relv tor» unplKitly 
upon the current bvmg exu tly et|uaU> divVled, artrl iHc cominutator 
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should be given fairly ample proportions of itn» order to nwt # 
such cases of selective eomzmitat ion. , , 

f 21 . TV eomponxrt pHcbm for w*?n-wiiidi»|. I'hr division 

1* : it \ 

of the total pilili y •- v, i \ t - “ i# mN ivi'u *"tntfcivi'.'Ms 

P 




t «vm ^ n >, “*» v, it }'* i 

t 

iv n**l Ltid down by the formula f<tr v,. and some i hunt* t* Imr 
pt-nnis^iblr. . Tty'* in.i\ ift mJIny »«*** he etpi.il. an<1 e;t*b equal 
to die average pitch of y 9 when tj)i* it uneven But when the 



224 


CHAPTER XI 


doored number o i fienicnt* V i* &tirh that an equal division would 
lead In y, and >v bring even numbers and an impossible winding, 

y t liny l«* mark; slightly less or greater (preferably tin: former) 

• • ' 

than the jiole-juteh and y, < ones pending I y greater or less, , 

v> a* to '/‘Hire the flrn^vy average pitch. 

If y* y #1 any (wo eh^i* a nlsi^rti hareMimiliaiifroudy undergoing 
shnrl-or« nil in tin- same irUrrj^Lit gap In* side by s»hr ; 1 1ris is 
tin* rase if lh»; component,pile hes Mitv differ by two (as is [nksibl*- 
if tin* mimlN’f of sevlms is ity? divisible by tin 1 nundn-r of [mlrO* 
and the I mi k pit i h i* (hr longer when I hr shutter of the two |» risible 
average pm lies is taken or is the shorter with tin* larger of the two 
po^sfUe average juh h*-s, tint the sann; etf-s t of reducing tin* 
armature be h^inpeieduius a* is pi mimed by«hold winding m tin- 
lap wound drum i .in be produced if the two pili lie-, an- made t<i ddfrt 
by moit than the aliove amounts ; a pair of elements which air 
sfiort-itdtuleil in one mtei p>lar gap are then vi-paiated by two 
nr (note ebdur-nts eanyijig tin- full i nrr«-iif in *>p|*Mte direction-, 
as is shown in two of tin* inici|*>Lij gap; m Kig.diMh 

| 22. Simplex tod multiplex were-wound armfttun*. In tin* 

wave-conceited rr u i It ijujai ai mature. I he | fusible immlvi* r>f 
rlentrfd* fui a givrti value of a and a given nurubvi of ]*■!.*- go up 
by ste|»s. whir h introduces reitain resttv linn-. Kvm the limited 
i holer given by the fmtri'da 

V ip y % i'2,i . 

is only obtained by linking.v, dti-rnatelv . .I f ;(k -m* that the 

winding ins omrs progressive. as sh^wn bvjhc appearance m Kliv? 
r o tuple 1e hut mi la of the alt et native of plus 2a "r minus 2a. Kurt her. 
tn the ^lotted aimalme in older that all slot*, may l«* equally titled, 
V{2 must W a multiple of the n-unUt of dots and with mote 
• (halt two eutl'sidos pci slot ot c 1, Ihl- infb>duiVs a w*»nd 
restriction when the iiiiiiiIk'i of -loi-on a'stantlurd nvhhuie i- tixed. 
To overcome this Liferi ccstnclion, uy* has N*en made of the lU-vice 
of adding *’ dvad M bats or idle tod- ’ these* eilhei have their eftds 
insulated or are ‘ onmf ted in y.^aliel njth tli^t neatest m ightxair, 
and solve tueirly to balance tin* aimalme aqd give nvs lunual 
symmetry. Blit since *Thev always introduce some elect nr af 
dyimyuunetry, (heir u-c slioufd In* shictly dfiomiitetianccd 1 
According to the value of a th<N*iruling falls into two ► la>se* 

W'« I. * . • » 

Hus gives the iruer-fromi*/ drum, foi which . 

' V ±2 r 

<r “ * 

and 


v ± a 


, or ff -2/}. y # ± ? 


Except pocuhly ip lowll machini with a 


( 54 } 
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« 

Sinrc y, and C 1//2 have no common lac tor <.k**d Mix 

always results. The jxissibk numivt of element sap>es up hy stc)K 
of four in a 4 or 8*pok machine, and hy step* alternately of four 
and two in a fvj»ole machine, an«f of fr*u^ .old si\ in .1 10 j»oV 
dynamo. 

Since y, must l«r a w)i< |c numUi ,tnd ui th- t .cc of a winding 

, :i; l 

ill two 01 nii^r jAV'h - . whe (■•<•!> ih« mnnlH*r ■ < 

r 

of sectors jwi shit.it fi'il*uvs tf.at in ’^c snub ip la.* 1 n.l 1 hi lie. 11ke* 
riumhei ol dot*. .S mu>t nut U* divide hy A. 

( 6 } 4 *uy wh*de luunUr great rt than 1. 

"Ihr ntmiU i id i<4ii* «i pu.dl<! path'* ma\ m the wave wound 
drum ho made equal tu any whole launlni i>\ -inuhlv cl >oin« 
the: lUlIillK*T ahd pile hi*' ot tin* ctelUelltv Whcll J *^I. there Je'lljt> 
the muitiplfi uavt u^unJ drum {also 1 .dUd " m-i \c< pai.dhl wound 
drum wlih h retains nutty «d the < halac trust* s . <f the multiplex 
lap-winding in tli.it n m. the mnnU-i oi pith' and v-iinh i«»i 

a given Vi llage, and *0 lends itsrlf to la:^ outputs at low vdlup’s. 
But it' distmemdiim; Inline ^ that tin- nmnU-r <>l amututr paths 
whuh it yield*. dth'>iu:h ¥ i multiplr »»f tu i, hat' im relation to the 
immK-i of pans of |*-lrv IIen«e a may U* either ,,J ■ P 

After one ne.uly <om|il<te tour of th»- atnuiiifr juv-nig through 
2p chmii-nj'. tin winding now ii-tuiu**, < g. if <2 2, to tin- fourth 

(dement or to the *-n<l sartor lx hind oj ahead of*tlie stalling* 
pant, iri'l-id id h» the Second vkliunt <>j t h«* adjai ejil x*i Ui|- 
Mnnd or .dir.td of the st.uimR-p-uit/.!' m (hr uinplrv w.i>t wind 
iru: willwi I. toriyneiicint from a m*iW <•» whuh a j Ihu«4i 

rest', uh(nwe have pfc*r<l tinnugh ;p Hern* nl*. w r mrh a brush. 

and have pi'sed m 1 out muons sequent r t hi nugh tin '<e torsnpjw»-«ip 
or foiiespandiiu: to «.fu* nugiwie field ahead of ur In-hind mu" 
M art trig - p >mt. Hie same <liaia« tcnxtiis, natn* lv, that each riieuil 
from Urndi to brush is sulijt** trd lo the incentive effect of every 
po^j and therefore 1 ' |ifa« tical^v indi j*» nrlent pf uupirtu- dis¬ 
symmetry, and tha4 the ii£f of as^rtany V*1' of hr 11 lies as their ale 
* polc-s nuy U* :u^gnip.ini<<1 hy N< le«Ai>v 1 otnnnilation. are still 
retained as in the simplex form. U only two m-k of I undies air 
employed e.uh sit ifiust * ovi-r^nvae titan (*i 1) s<stot'. v» that 

lib circuit nuy lv hrokpn. ami |uvh*pih1y 'ovei** a or a « 1 S’etofs, 
but if a nutM*? ^*f srts are used, ear It (ait 1v of h-ss width, the slufft- 
< ir<ii?tinR“'‘f 1 lie- coih being ef!«y<d ilurrugli tbe brushes an<l the 
leach oiuno Ting iho$» of tlic sam»- sip-n. A rertiw lion of the numk-r 
of sets of hnisJrt-s Mow 2 a, i.C. a j>nd1tvc an<l a negative,^ not to 
be recommended. «« klu-n a -- 1 two sdK arc i^uitc 

admissible with any number of poles, this is not- the case when. 14 . 
p ■» 9 and a «-* 3. In such a cav. ^itb aH the bru*he* in use and 
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with, nit tfie potitiut kudus niinikrcO from l to 9, brushes 
1,4,7 would )uv> (hr name jiotential, 2, 5, 6 would luve (he sftme 
puentul, a tv I vj ukn 3,6,H, Ih-tween 1 and 4 there pay l* omitted 
the brushes 2 and U, .{el also l>et ween 4 anil 7 may be omitted 
I hr hruthirs & and ♦>, anil mj, If p w (hr nuiutier of brushes 
r>t the Mine sign whelk arr print trd in * ontirnious seipjiivr, winch 
will Ik; as a maximum 2 the above example, then during short- 
circuit 1 heir air (1 \ p w ) mils tin own into this sjwjt, 

and tln-ir Viill,!;;*' is (J \ p m \ time* the Voltage of a single roi!.* 



iff • ^ i/ -4 «'slept f*JerU hfl'Cta 


LiSlJ LTLJ UOjLSJ.: 



r* t ; Y. /s /. 


' f> v ✓*v,X 

(ii) ► 5 // P -5 ^.-5. Single tieh* , 

t 

I'M li>7 M jKilr- H-,lumriiu.al wiiii(iiii;s * Ji *|i-n\f| 

from 4 jn.U |Mii'tit iim< heirs with simplex w.itv tliii'lin*; f.i - |. 


V ft 

'. r 


s’ Jw l 1 - t> 9 % 

s 4 k l 2 (H , .... I ( 1.1 Ht l» nf s ^n,( f- / . • 

(!) H 1 (■' ■>( v, ;m*l ( 2 (nj H 1 (♦ ,1 1 v v ,m*t <' » 1. 


* As in 1 hr .iiu^^ni'. I.i r of the multiplex Lip W-'UluU«lrum, tw» 

• variations ate | ms-alde. It y 4 atid f hu\r*n<< n»miiioif fa* tor ottiri 
(furl 1. the winding if i ms a single rlogrd helix ; thus m I he lower 
|Mtt of Fig. li>7 v e 5, and f- * IS. On tjie othet hand, if (he 
highest common fntorfd \ t anj f W t^u m iijoir us m the njjper 
jmM of (hr same Figure where, Willi the same value of f, y 9 l> made 
4. the 11. l.F, ol y 9 .uni t fJfLes the iinmliei nf^totallv imh |* nrk*nt • 
windings. * « 

Obviously, if 4 p, the windiittSkMrs a close riN'inhlitii’!' lo,.i 
multipolar Lip-wonml drum. a\id when ('IJf »■* a wboU* nmnln-f it 
may k* obtained li»m the 2-pwlv wave wound drum by opening 
xt out ami novating it./> times, as m Fig. 87, wl;w h is the duplication 
til Fig 85. Hut the great advantage of the wfndmy lies in the fact 
that it enables us to nuke 4 with 8 poles then* nuy be 4 

(urallel ;\»ths in the armature as In* Fig*. 107, or with 12 jioles we 
may have 4 or 6 jMrallet p5ths« which may often enable a standard 
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\Httcm «I field-magnet to br used fur widely divcfeeM v ullage* 
and Wputs without alteration. * * 

lltt iniked JB.M.F. id the wave-wuimd drum thus irMiii* the 
general form of equation (44 a). vi t t 

'• J ■ *., / • * .w • . . issi 

« 

with the s|»s tnl fam foi tin* simplex t.iV M»« U « 1 ’ 

/■. in* • . . • |SS,») 

Wl 

Si nr«; with tin- simr jmdtijinl.ir ju|«l t Th .uuiiiU-i <4 rl.m<n!s 
required («>r a given voltage is in th< wau--wound armature only l p 
of that m lh<* iapw«-imd aiinatutr. *1 f"llo\v> that wftli fki‘sour 
linintH-r nj i-iuintilaf-? seitois ti tin* lip «*als — "1 i ««i nmj. 
tin ii". Tlir i»*iIh m t)if wave m.u Line t.ih l>< tide »d «ilhei t<- a 
"Irish' turn » r geiiriallv, to t p «4 the lap turn* .1 nioN- than a 
single 1mn tlen-e results. 1 with .t i«»irr-|p|vlmg m1utii«»ri *4 ilw 
spai v l<»"t in »f the win-", and y iving in tlic (im<- taken 

to wind th»m Rut when the*^rn|Miiw#n In s 1ietwfs»h ^iiigu-lniu 
rolls in both «.w-', K is the see! ms that jnu-.l he u-dui ed in the wave 
m.ii linn-; .i limit in this dilution i)i.n ..fi.n t<.t. Lvd hv the 
average dilfrii iu r <4 j tot <ri ha 1 N twc« n uu; soi*i|s U i urn* 

ing tur> hit'Jt < in this .m » tinl wave-winding v>. geitii.dty 'leaking, 
letter smtrd i*» laitlv low «j«eed" and •small m udimes. ■* 

| 23. The Tilaee>o( a or' of m a /■ in the jreneni case of ('ip 
whole or fmctkmel. WJutein the -iiumli* i of |mles :njd dots, 

and whatever the \akte »*l ., ihr numUt *<1 coils oj suv | ( *r< jier 
slut, the nub of a toothed *n mature can always W >ouplr<l up tn 
h inn a regular wave-winding wlmi all slot" ap- . cpialK hik'd without 
rn'f»ury’ to the device of " diMit " bar" <m ><'iIm‘1is Hut in 
rase there' heiexvmly ie>ult particular values of Jn- numW of* 
pairs of .if nut mo paths, ,md p.irtiiulai t\ ».< w,i\r '-winding 1 
with a single rlo^d hell> <if*1 wo «it moir in-i-jN-ndr iif helm s ,»nd 
t!ic-j' s ahirsof a may r*t mav n**i N* <Ic‘sitmJ and rna\' < i rn.iv nut Ik* 

ck’sirahlf h»r <»}<•«tribal rea^yns. \alnr >4 ,< nimf, flMirfoir 1 »•* 

?*pf< tally r. m-slck'rMl. £ 

If llu* mnnlx r i*f dots in a l^Mhcd amuinji with .% winding 
in two oi more layer*. 1 the tot^l nnmtri of «ofK or commnialnrs 
s^ti'h is C fSr 1/Tt the nombfr <d ^k»l*», S, Up ('>:pf^si i i| as 
p» t -i t. whrri* r is gent if Sjp is a wln*k* nnmlxf. and if Sfp is 
Irartionah *f, is the ntttcil wimlf niilttixT to S*p, so that x is then 
a fugitive nr nenativ^ inteficr. the mimerif .il wiIik of whvh nwy W 

1 Af»4 « fraction*] t>snU i\ tnr rt»r nv 'it'-nt Ui»e a* frxwhl*' 

• c.p l>r tk J’, smith, )lir of \?r»i*ti*r^ Wm‘lnur\'’ 

/ f: n . V«| S 5 . P 8 » 

■ Or half ihf actual number <>t s}'*l» m tfce r*jo. ^»f« %»nj{1r-Uyrr irirutinf 
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jqual to but 'cannot exceed Pf2. When x « pf2> there are two 
whole number* A t if nd n xt one on either side of Sip, and equally 
npar to it ; it is then .a matter of indifference whether w« work 
with pn x > t, where 1 is positive, or with pn x -f* x. where x is , 
negative, and rt x it x f I. 

Analogously tn the expttrwon S pn t -f x for the slots, the 
number of settles \*:i slot maj be expressed as c pn t h y, 
where y nuy lie »*ro nr any integer, positive or negative, jess, than 
or equal to pJ2 t n t may lit mo of any |«nitivc integer, but with 
the proviso that if y is negative, « t must lx* such an integer ih.it 
pn t -f y yields a pr*ittve value for the sector* f**r slot. Wlwn 
p is high. n t is, of course, irsually »*n», and y i> then = r, Inserting 
thc*aft>ve # e?q*rviiniis fur S and c, 

^ cS (pfti ■[' *) ip ^| + y) 

f P 


pn x c r />n t i f xv 


«!<■ f n t x \ 


»v 


xy 

nuy t»r positive or negative, and may Is* a pnqwr or improper 

» 9 

fraction. Iba jjrojjpt fraction les> than \ or an improper fraction 

* , * 

leaving a remainder less than (, il nuy Is- etprewj as r 

where s may l>r zero nr all integer. If a proi*: fraction greater than 
| or an improper fraction Waving a remainder greater than f, (hr 

# tv i' 

next higher number being may be expit-wd as r' - •* , 

' r . *. P 

thus by the use'nl the next highet immliyi z* the fraction is always 

u* 

to be reduced to ?■> minimum va/ue, When - | or an 

P 

improper fraction having a lrm.rmWt equal to {, the iim* of erth»*t 
s o r 5* Wad* to the same result, as will til show A later. 

The minimum vatur of* for any combination of S' and c i* of » 
chief practical importance, and this will rorrc?yx»nd to the minimum 
value of m. It follows from equation (53) that the minimum valpo 
of m or a is always given bv -that value of the eonimptxior piteh 

which Ls the whole number nearest to , hut not equal to 

P 4 

it when Cjp is itself a whole mimlxr. The rfcari*^ whole number 
is now given bv n\t \ * t r f v(or i\ as the case requires); deduct- 

C* ♦ k k* 

ing from this n t c f n^t \ z \- j 'or n % c -f *§« + , 



AHM\TVnB WISDiSu 

\ 


» 

♦ 


we*have f*»i the minimum value* of m in tta* Mimw *«**? - . and 


k* 

+ •« in lhr latter cjv, Hem- 


t 


A, wWn 


«v 

T 


4 A' 

« 


llwr sign* "f;.«n<E A ■>! i’ .an! A’ Ih*i%: «k*uu*mti< l»y tin- sign <*f tv, 
and either :ni being in make A o| .V .< mmimmu. 

Fx«*iu l his st.n of t*th«-i powiMr wk“l<* numUTH 

for thr rtHiiimit.it*»r jut. h a re obtained l>y du aiming m ) iu ;h ming 
tiic jrtlili by one or jni.ir sotoi*. Ja-i > he tin* '*u1*ri "i valors 
l»y whit'Ii tin 1, |tilt h is lengthened (s with positive •• ,..uj m dioitmed 
(\ with negative si|?nJ from an original length t « # v 1 : (o| s'). 
Tin-fin* * , 

, A A 


n ti¬ 


ns 








ff.t 


P 
? P 


* t s 


i ^ 


Hu* t'gnplvlr Nflics of Values fill a V% Ok’Ii ;o sh'Wfk ill 

Table II on pages 230 ami 231 

Jiv inserting ^ wnd A or ami A' with ibni .ipptnjtiMte signs, 
j»!siti\r oi*nt native as thr ium* jnay1*\ u* oidmg to lie- »ign of tv, 
i hr above Table an^wiis every question, and thr sign whuh finally 
results for mor a w/> inf urns ns u hrihc i the du<s ii..n of " < ieep’* 
through tin* magnet i* held is jangrrvavr fimsitivr) »<i iHiogiessivr 
(negative). In tin’ former i .*•**, py t s.iioi-juti hr> e\irrd, and 
in thr liUr^tasc fall d»oft of, .in rxa> t tout l<»im?f tin- atmalute, 

Thr fust pfliti of shortening »*r length* runt: thr initial pit'll hv 
one sr< tor is to add on /V'paiis of ai mature paths algr bran ally, 
wlyi h in nil'- rhret ti' il iih*i<n> that tin- ai lu.il iiurnUu is TJii- djffrlrnre 
ln*lwn n p and A or A*. >\firr this, rieiy mhus i\e reduction or 
mi'TiMSi- .if v t .id'Kon p pa its of paths, 

A A' 

When " ■' if whvii ( n/^ is equidistant U'twren thr Iwn 

• ^ ^ 

whole nniuN’tv ; and :‘ t thr two sriies coincide thus - 


t 


m i‘ *** 1 »- i 

■s 

*jf 1 •~ i t - 1 

if r 



t 

i 


1 Y / *|. I I 1 l 
n» rit 

*,r ■ i,t . $ n t t i yl l k l 


i 


7 


* »IA 
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TABLE II.-a 
When ~ — f f -* 

WW 

>* o V 

( ' 

♦ •!.' f f . 1 

P P 

* 

Ic. 1 . :i .1 4 ^- 

m,r • M,I • i ‘J *,r » K,r » a - 1 

* S- 

> 

■»/* i, *i 

>~r t k) /■ » 

4 ..— 

u *• 

, 


< :/- 11 '/* **i 

Wl,r„ 

' f * V 

• ll‘* ' 4 ' ’ 

*V i » ( | * i f«,* * l' - 1 

, ' 

Since 

t 

tin: values 

n| it now lr|MMt 

When ^ - J 

f /> 

oil either side of the valur 


d M i 4l the |*iti - li will he i hnsen so as to make the wimling retrogressive 
ami Ihevhy avoid win* *essary (rovaiiKv 
Wlwn Cjp is a w|wi!« m Ant»‘r l»i start with, 
either (1) \ hcx;u l|y divisible hy p'.tivl r 0. 

or (2) r lf .. y - 0. 

or (3) p is eompnvd of two factors. h .iml </. e.u h highri th.m 
unity. of whieh b is a f.u toi in S t and llirt« h»ie in i. im<l ti is a far tor 
in r, ami thrrrfoir m y. so that t yjp is a whole muuU-r *. 
HwrrliHi il 5'is the aIniVi- whole inunlvr, «»i it if is /no, ihr fait 
I hat k II makes Table II redmr to * 

« 

V, — V \ »,« < : * *i,t » *,i f i i n,f * «,t f | • I 

* - »/• -r r 

‘ - *mim 


The only possible values of <i air then p or a multiple of p. ami 
again as in the jirnrditig case Mitre tlu^smes n'|y.ils, the " rrrep " 
will Im made retrogressive or a negative, 

' ♦ * * 

| M. Omni expmakm M the ra v w ot n, I he general 
values for a are horn TahWI . - 


- k J: «p. whe^ iv : * h 




nr A* J *p, niven .TV p 

Tlw*e m.iy also lie pill m tin* Single form * 1 

. a *v ty_fc *p 

but the minimum value of a is not thcn'utpneduiVrty indicated. 
From either expression the )*rt$ibic values of « for given numbers 
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VALUES OF j 

and -u % I 


■ • * 
» 9 


«( 1 ».i r i 


A 


* * I 

-> l-o^rt l.\ \, 'i t > v,i ,nr 

*i< * •• i* ■ i * I v '*%'■*• * - |T 
/ *■ » 


* * 


I M.l < t * » 


.‘i i i 


•V* 

♦ k' 


•t * Vi 


■r t A 


4 r I m c i «,! | i' I 1 »» lk - j» t i * i’ » *J , > *,« (I II 


•tid ” 14 | 


».ii |K»lr>, slot*- and setlois |m-i sW i.Hl U- *pu<, U , mitkn down, 
us m iW vpt'omeit <.i***s of ^ • E .m«l 7 Bivt-n Mow m l.ihlr 111, 

It will Ik Krn ih.it m r.it h ^ l of tiuinl#i> ihr v« rtii ul ioIiutijh 
4ix1 tion/.-nUi i**ws k»*p i<ii ti'juMiiiu: 'in till lit i-i ii <*i tl*i When 
y * 1 of is prime In p iht* possible values ol u in a joint v« final 

tuhinm f«>rm a M»usr>iffi\e seites from I upward* without any 
in1<*imr(li.iii‘ whole iiuniUi'- Mntf itii^nl lh«* name holds for 
any value of v when p as uMf a prime nmiiUi, 1! il. V 7, U . , , , 
Winn v a» a factor m p, tin- j»ov.iMe values *.t *< dimmish. until 
with y p '1. we an* n-hped to a pj'l « f a multiple <>t pfZ. 

When p is hijjlf. tile values of a moimi up by Urge junijiv, a 


l‘ m t> *■ 

* V * -J 

i /: • 1 »ij. 

» k t » ? ; > * 


i *v + t t t 

11 

imvr«i t s* *Mf 

TAMM 

Iff* V \f.i 
» 

*KI H 

1 s 1 «1 U 

A ffi|< • A s 

H-H 

*/• 

p -ftAM.tr 

N uni h r 
”* f*Ar 

N urn U r 

el 

NuUiIht 

ci( m f 1--r-i S" 

•I •■Kit, r *- 

P** i y 

juirv 

J.lls 
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,S -■ pH t 
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_ 1 
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*i or imiln- 

it <ir n.uJ(> 

d <>r multi 

H or multo 

I 

1 

i *t». i 

\lr ol 
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1. ft. 7 . 

of rt 
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0 or multo 
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f 7». 

7 i *r m i*l 7 
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r-k III 8 

7 or m *»1 7 
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ftfference in tk: commutator pitch of one sector making a Urge 
difference in py 9 s*inr-pitches, so that the cumulative total falls 
far short of or much exceed* an exact tour once round the armature. 

The further use of 1 l^r aljuVr cxprc'*J"ft'* given in j 15 and 
Tahir V <>( the next l.baplrr 


I.Al** ANJi WaVIv‘WIN til sc 


f 26 . The E.K.F. eQtuthmi for Up- and wnve-wogrd innitoxna 
contmted. A summary of the fcargning result-^ hr mg* out tkrly 
the inherent dith'rrtwes of tne two great divUioiis Lip and wave- 
winding, of the rbum rr.ntinuduwumnt armature ; by the side 
of the K M F. rcjn.ition is addl'd in ta< h « ;iv tin* i or responding 

value oj the current in any oiu* armature path, or J ^ 9 


t.M*. W*VT. 

4 m/>, ami m« must |*r vitM * lw.tr a mf> - arty ttliulr ijumUr. 

numbrr. 


ft) II m ** I, U|t 

(2) It Mi - l. m*lhpl4» Ur 

#'*• - 1 / Ht * 

• ni • m 


II a »- I, umfUt vk-ive 

j '* i; . /• 1 " • s 

(2) 11 i I. mulUllt x iu'.i* 
j - /* /' - ^ .j, * N / >■ in • j 

f 2m/i * <i * Wl * 2 u 


t 26. Lap and ware-wound armatarw contracted hi appearance.— 

As will Iw mote fully <Wrd»cd in Thapler Mil, the most usual 
type of winding employed on a toothed armature core is known 
as M hartel-windmg,” and i onsets of lozi-nge-diipd nub. the sides 
of winch fall into two l.iyris as shown in Fig>, hd and h*> UP 
Figs. »:i and W). 

In the tap- and wave wound tnot bed armature represented in 
Figs. 101 and 11)6, the town elements ate mark, xl wi 4 h uneven 
and the upper elements with even numlxrs. The end-con nor tors 
of such armatures wittwo layecs of bars are T-shaped, and them¬ 
selves fall into two layers. The developed plans of Figs. 101 an.1 
106 then show th.it in*the lap-wMind armature the sloj»e of \he 
upjx*r layer of v nd-connectors at each enffM thtf armature is aslant 
to the armature core in o^iositr directions, vhile in tjie w*ve- 
wound armature their slope is parallel. Froip, this external differ¬ 
ence it is at once easy to del ermine k; inspection whether a toothed 
armature is lap- or wave-wound (Fig. 106). 

| 87. Bnuh-poUrlty. -Hv reason of ronVemence in manufacture 
the connections to the commutator sectors wi 1 ! Iw made at the 
part of a front coil-connect or which is nearest to the commutator. 
With coils us above described^ this is in lire Lip-wound drum the 
apex of the T-shaped end-connectwms exactly midway between 
the two coil-sides (Fig. 101), ai^i in the wave-wound drum midway 
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between two coils at the end of one and at the beginning of the next * 

(Ft* 106). • 

Suite thr brushes are so arranged as to effort short* ire nit of the 
toils when lliH? shirs are in ihe in1eipu|.i.*.:aps and the roils fate 
fc the jiolfs. the i*rati->ns <.f thr biudit* in both rases fall nearly 
opposite to the ».rntte of the jMilrs, |l t brine ifaults that in both 

tiK’*, whether lap <*i wave, uii/i a iount/f'% Unions/ Jir/zhon <>/ 

» * 



U|> W tv« , 

I 1 i>r. Io.H 1 \Orii.vt .f ).»(»• .A>1 w.u-i smiihl l» <lk)ci| 


f,<Ut{\ v. in j ilvtunn*’ \uhfn :i/,t/J fr»m th< i<>mmutator ruJ) a poiUivt 
brush n <’PP>'MU fo a S poU, anU *i u/^Jtn f brush ir <*pp**siU to a 
$ p*iU, .1 ui vu e versa u \lh a cUn'kitis/ dtr//tv*n <\f rotation, whalevn 
the “ h.uul " <ii the winding. It resulis that the M l!.ii)ii " nl the 
armature sy-sli-m a 4 ? a whole* Ironies immaterial, so far as regards 
the s<:H-exrit.ition of the dyrynio for a given dilution <>( rotation, 
a given diiertioti of a 111 mg in ihe field-magnet Wbbms and connec¬ 
tion of l hr in to the positive* and negative m*Is *>f brushes in 
aceotiUnie therewith. 

1 F«ii a ffclW xhiohMU, sr*' i liApo r XI. $ 17, in iln Mil ntil of 'tkr* 
Dynamo. * • 







| 1. Definition o] the dynamo. The theory of ibe dynamo is one 
among the many Inee ling-points r>f iWtrwiiy amt magnetism, amt 
m its use the engineer finds what j* perhaps dm chief industrial 
application of the two sister sciences. Itoih thei^ m«Vm ttic dymftno 
deri\*s its diaju< teristic dual nature, wbicl^ is ((-produced in its 
structure as a machine ; fix it mav lvpddly tv regardi-d as (null 
up of a cop]vr or electric portion and an imu <n magneto jxjrtion. 
The mechanical is, however, of no jrssi]u]>otlaiirc than ttie electro* 
magnetic asjvel as shown by the word " //vw^MiA i-lecti'ic " in its 
full form. Its fundamental principles are therefore finer in 
number the meuhunira£ tile rlcctrii al. and the magnetic ; and 
its design is eoiii-sjHuuliugly based on thn e l fuii?l,imental erjuajinns. 
The first two, dealing with the mnhanical and electrical nuh/tf 
both involve a magnetic element, but jt-fpiirc to be suppleir. fifed 
by % thigl er|nation dealing solely widi the farts and tows of 
magnetism. 

The dynamo, fifoy be d< “lineal as a nun him in which a system of 
nWw/ws forming part of at* eld trie circuit is given continuous 
motion relatively to a magnetic field or fields, and so is caused to cut 
across the magnetic flux, or to he tinted with a varying numhrr*of 
lines ; ate elfgtromotivt force is thereby induced in the conductors, so 
that whAt the circuit js closed a current flows, and mreturnicat energy ' 
is converted into dee trie al energy. 

\ 2. The dynamo al a generator 6! electric pressure.— The 

function of the Hvuamo is t piim^ril^ and ^essentially to generate 
Vin electric pressure ^>c electromotive force, and* to maintain it 
when thfc circuit is closed and a cnrrnl flows. The entity circuit is s 
divisible at twft points, say, A aiyl Ml into tvwpprtions, 4h« points 
.-I and I) fomjjnjJ the /<*r»pVra/.v at*which the initrngl unites with 
the external portion f»t the circuit- Within the former^which 
composes the dynamo, an electromotive force is sM up, which 
results in a difference of jxitenlial between the terminals A and I), 
so that the one i*jx*silive or n\ a higher jrotcntial than the other 
which is negative. 4 WHfen A and f) sfire joined by Ihc external 
portion cf the<?ircui£ or, as it > called for shortm-ss, thctcxtemal 
circuit, a current flaws from the ]>ositivc la the negative terminal 
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in the external circuit fron the negative to the positive 
terminal within the rl^ryimo it/If, The potential would thus 
become equalized throughout the entire circuit, were it dot for the 
fart that the dynamo mojhtams the difference of potential between 
TWuid /), tvhich j-onstitutes the voltage of tilt machine. Thus iljc t 
dynamo dojs not gentle ehfctriciti?, any more, than an hydraulic 
pump driviif^a mbW through a Closed pipe circuit generates the 
water. Neither is it thp rb-clririty that is consumed or U»st in 
passage round tin* circuit, but tin: jfrrsfljre under whifh it flow*, 
just as 1 lie " In ad " i-f tjie water it lost tu its passage through tin- 
pipe and motor, 'inlv to be reg^wed i>v the action of the pump. 

• | 3. The output ol thfe dynamo. --The output,*A the dynamo i> 

Irale at which it developrlntric cneigy in the external circuit, 
if. it is tin* pioilu«t of the voltage V 0 at its tcimmafs, and the cur¬ 
rent F 0 in amperes i%ihe external circuit. Since the watt is'but a 
small unit of power, the wit put is usually expressed in units of 
1,000 watts, i.e, in kilowatts (l II.IN . - 74d watts, mi that t kijowalt 
llratfy Ij flJV). . 

As tin* product of the facials, volls and amperes, the same 
output may be due to many different combinations of the two. 
Thus foi transmission electric enngy ovej confide-ruble distance* 
tiinclines *'1 reasnuifbly high Voltage are rerjiiiin!, for tiaciimi and 
ifi-rrt lighting machines of mndeinh- village, while, at the opposite 
extnS^e, for eh*ctriMlepositinu and other chemical or metallurgical 
processes large elm cuts at low Voltages are required. «Alt hough 
thyir power may be the same, the construction of the machines is 
very widely different, owing to the different nauisrs of the woik 
for which they are respectively suited. 

| 4. The conversion of mechanical into electrical energy, and 
thl efficiency of the process. Kv the principle of conservation of 
# Energy i| is impos>ibU: that any form of energy raif In?firated ; 
in any machine it can/ml V be bausrrnzhi! turn none form to another, 
and in the*case of \hedviuuyo in which electrjpil energy is developed, 
our definition stabs lliat tfie energy is supplied to in a mechanical, 
form, one portion of* tly Jharhiiu* dicing continuously riovi-d, 
relatively to another portion t against*a ivsirjfrig fmre opposing the 
9 motion, 'flie movable portion jrf the dynamo may be dftvcn by 
means of A belt and jfidley, or ky gearing ; or;t may K* coupled 4 
ilirrctly to tl|p main shaft of the, prime rpover. to the crank 
shaft «f a steam-engine or the shad o[ a >fleam <h Water turbine ; 
but whatever be. the method of /hiving, the 4npu{ is mcchftnical 
l*iwrr which reappears lhainly as elect rival poiver. Tin? dynamo 
is tims distinguished from Jin; transformer^ in tlfls there is no rela¬ 
tive motion, and the irtpnt is electrical powp’wMfh rcapj>ears at 
a differed pressure but ^.t ill in an* electrical inim, The Vxt ensiv# 
electrical energy for commercial pufpokos has, in fact, bfen 
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rendered possible by reason of the ease aiul cheapness with which 
mechanical energy can he applied to drivbih? dynamo. Tin- cosy 
of the I'hrtnkal materials which voltaic halt dies uspiire piolnhts 
^heir use on a large scale, while’frictional'iliac in nos itnty yield veiy 

• small current^ at inotfivenie.itly high pressures, so that Si was thY 
invention of the dynamo by farariaf in 1831 which fust KM the 

• way tu a^vady means for obtaining ilccli real, Energy .•vouomicahy 
and in a convenient form., 

But in no machine can* be-conversion ul\ neigy i:om one form 
to another be rallied tni widen* some loss, hy wlinh is meant ils 
1 'e-a[»JH'aii*ltee ill 4 Useless form of ill Useless plates. Apai f 1l»illl 
the loss by friction'in the hearings >A tfie dynamo and from windage, 
their is a riecessaiy loss from its *t.»pil rate oi development o! 
elect lira) energy, owing to the absorption of po\\er 1»v the rinieirl 
in lousing thn*gh the electricd resistance ^f lire dynamo itself 
and to other secondary 1 arises, ]u<tinsi<pVnce «1 j tlirse mi-cbutiicul 
ami ehcliiral losses, if the raUv»i supply of m< 1 Irani'uf rmigy to 
the shaft of the dynamo be one hoi m•‘ power, its output must he 
something lev* than 74b wall-. Nevertheless, t tu * rflicitney of lire 
dynamo or the ratio In mm the useful power obtained lioin it 
ami the jKjvvei supplied fu it 11 M 1 hanitallv is very high, sinee in 
all hut very small mat hint s it is pi an k&Hy ' and cotiiimritpaHy 
jwjssiblc to obtain at least as much as $M) percent, of the mechanic^*''* 
input, returned at lire terminals of the dynamo in ils new hi%n of 
elec ft-real gicrgy, and in large machines c\Vn higher pel centres are 
usually attained. Mirth improvement cannot therefore be expected 
on the score of ytrh ieii^y. allhough the dynamos of the future may 
be cheaper to con si nut. IndeM, uf all machines ycl invented, the 
dynamo may tank as one of the most peifn 1 1 omvrleis of energy, 
only surpass'd by the trurrshinner, in which, however, there is no 
true con varsiQii of the naitueof the energy, hut only a tran^f filiation* 
of electrical energy hum one picvmie to atrolhrr. 
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TICK MAtfM iH: ClHCVtT ANi/lTS f.ltgS OF KI.UJC 

• I • 

| 1. The inductive •gropeity 'of the magnetic field and jti inves¬ 
tigation by an exploring * coil. •Wn )i th^ exploration of the held of 
lorn* sniioiiuding a ruAgiirt nr xilmuid iiy means of an ideal unit 
N. jmlr, arid with its mapping by hues <*f force, I lie udder wilt fir 
familial . It is, however, with tiir \ndmttve pmp*ny M tin* magnetie 
fulit (Sait thr student ni ihr dynamo is inmr ifimtly miner md. 
lake thr dynamic pn>|»eiiy ifi viitur nj wliirfi a magnetic field 
exerts font* tfii ^ mul poll*, this second prupejty r-> a directed 
quantity, rxpu■siihl* 1 af each point by a vis-tm Utvmg dilution, 
sense and magnitude. r, t |.i,..-.,i thr unit pnlr, tin- appropriate 
i list mi m •i>' # in oidri tn investigate ,it js thr umi exploring coil. i.r. 
a single loop tun ing an ;tna*of our square ( •■uimu tir roiimeted by 
twisti-d hails t<f a ballistic ga^vaiinmehi, Chr tnial ied>1auce of 
the circuit so loina-d being one absolute t-Ie< froinagnetii unit of 
resistance on tin* C,i i.S. system, oi ID * fihni. • 

J-ej ihc loop be 7>J,iA d in llir magnetic held dm to a solenoid 
■ rt, eln liomaglirt or otliri elect lie circuit of which tin- exciting 
cunlvf tan hr made nr broken nr reversed, and let it he turned in 
eVeiyXiii t ion about it 1 V 11 I 1 r, so that its axis oi tin [K-ijieiidiAilar 
passing centrally through its plane otcupies different positions in 
space. In each position let the exciting citnflit^W broken i*r 
reversed ; it will then he lound thitlVxtvpl when tiir pci(n-iuhenUr 
falls in one particular plane, a current is induced and a certain 
quantity ot elect tic it y fusses which can hr measured by the ballistic 
galvanometer; further that this quantity \**rii-> .uri^diwg to the 
chreelion of the }H i pcndiritlur and reaches jj definite idhxinmm 
fur one particular duectiou. This maximum occurs when the loop 
is itself in the plain* whii*i lias been dcsclihcd as containing all 
jHisitious of the axis tjial g;yrv f nn inductive clf«Vt, and when in 
consequence tin* ircrpetidichlur is al riglq angjrs to this plane, f 
| 2. Liqes o! magnetic xiductiou their direction* semae end 
number. *!! tin* pint rxploripi/joop is placed in fmy part of a 
magnetic fieU^^th its i»erpcnillicn1ai yr the pus'iti^n for greatest' 
inductor effect, and tile quantity of elect fi/ity llifcl tKii*cs,thtnugh 
the seeimdatj circuit of tin* loop and ballistic .galvanotnetef^vhen 
the pritnar/or exciting ciftrent is tiroken is oqe absolute unit or 
one dcca-enuiomh. tin* inductive property now under investigation 
is defined In'have unit uuigHitudc. KxprHSkxl ig titfins bf this unit, 
its value at any spot is termed the " inductic^,' 1 arid is s^mholiztxb 
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The direction of the magnetic induction at any spot is that of 
the perpendicular to the loop wh4n in thc f position tIiat gives the 1 
greatest iiftluclive efFct on making or breaking the exciting 
current. It is further defined by the convention that the sense 
# of the induction is ret&cci to'that of the current in the AxomUrv**' 
an the same way as the furwaiu or backward fliovement of a right - 
•handed sr r ew is related to its rotation (compare Fig. ij. 1 Tims, 
on breaking the primary, if the secondary current is clockwise 
fruiii the observer's end, induction passes thtough the loop of 
the exploring coil away fruni the* observer or ill the same direction 
as from the face of llie dial to the works of the clock. If a line 
be drawn so that the tangent to any point in it gives a continuous 
record of the direction of the induction as we pass ftom |xnnt to 
jK>int along its length, such a line is called a line >>j mduelion t and 
if the process of"drawing it Ik; repeated for ;»U juris of the held 
an infinite number of such lines can Iw obtained. 

But as in tin' cay* of magnetic force, a h i lain mimin', of lines 
may now be marked out or labelled such’that their density per unit 
area on a plane normal to their diin-tion is i<pial Id the magnitude 
of the induction at that plan*; they 1 hen become (.-.(/.S', lines, * In 
a held of uniform induction if any suifacr be taken on the normal 
plane the density of such lines multiplied by tIn* area ol the surfaci* 
will give the total induction ]tis>itig through it. Tims hy meanju-^ 
of the unit explujing coil the direction and magnitude of the n *uc- 
tion rail be surveyed, ami a complete ijuanlilalive svslein di lines 
be derived by a process exactly analoguiis to the mapping of the 
lines of force by a Her unit N. pole. 

| 3. Distinction between lines of induction and lines ol force. - 

Whoiievei tie* spaee under investigation \*> a vacuum or is filled 
with air or oilier rmu-magnetic medium, identically the sanfc 
system of lines is obtained wild hex tin* Mailing* point be t^e force* 
oil a unit pule or tlv inductive propci ly of the magnetic* field. 
TTie lints of induction are linked wilh a current-carrying wire, 
/ircplar loop, or solenoid when they air* immersed in air, just as 
Jlhe lines id force ; they follow the *arse paths,and are the same in 
number. Tlie two syotcin* an: not, however, identical, and their 
difference comes out when wv pass to tjie interior of any iron mass. 
For the expluring^oop may be applied to investigate 1 ltd internal 
state of an ehr ro-magi^et." Thi^s it may be wound <31 the outside 
of the irnn-curM'vh-ctroniagnrr, of which the j>rimary current is 
made broken as before. 0r & if,nml he, the coil Fad actually l)e 

1 Cp. Qert^MaxweU, Tna&u m Eiuirialy tftd Mogneiitm, Vol. II, Pt IV, 
p. 138 ei ufj and Jmuu, fiktfrtiity and Magnetism; p, 427. 

* * At th^Paris Conference of J900 tiic term " ^^aJlwell *' was rccotfimended 
tor jd option ttfcxpwi'l urbt of induction. Of one C.G.S. line. 
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buried iu the subftlanct! of tjic iron do as to measure the induction 

at any spot when the primary oirent is altered in value. It may 
eveft wiili certain modNations be applied^*- throw light on the 
internal condition of tlfc permanent magnet. U> are, in faej, 
4^’ie In tik-c the jxissagr of the liius df induction thruugh the inass 
of an iron magnet hyalite t txperiu^nl, wheieas the detcimmutioiV 
of the lirirWf foti*„u ’ithin the irm* i^ only jmNstblr by glnurelirai 
and indirect methods. * * « 

| 4. Lira of indiibtion aiw&ji -ckxod curves. If now ijie 

exploring coil he itvd lo map out Hie mrhu lion within art iron-cored 
solenoid or pen h;u lent l>ai maguey ii will he found that as many 
lines of indn< tiou jsiss ihinugh a section of lIn* iron taken at the 
centre of ii s length a> theiy ufe m its exlnpaj fit rid, arul that each 
Jute within tilt' 4011 finds its uppiopimle continuation in out* of 
the liiu-s of I hr external held (Fig. H). Kwiy luif of induction is, 
in fiu't, a 1 Ji-sid i iiivr, vtUi* h eilln-i ]<«.],•, round an < k<me ament 


. ( *1 • L ♦ 

** # 1 

-'vvmini'l a a 

• • ‘ - • r 


In;. 1. 


01 cm rents (and in lids rase may he entirely in air ni "entirely in 
iihn, or partly in one and partly in thi'ofhnj, oitut^soinr pi alien of 
its endless pcilh passi’S through a ph-cr of permanently magnetizrd 
steel or inm. Wherever lines ol induction is-aie out of iron into air 
ot other non-magnet ic material, 1 lie it a nnith pole is developed ; 
^md wherever they riiM fiom air into iiuif, a smth # |n4i' results; 
wit! mi* the iron their directum is from south lo north ; without it, 
from north to south.* 

It will only hen? be uetrssaiy to remind the reader thul round 
a straight wire carrying an .elect lie y limit, t her direction of'the* 
lines is rclaUd<ti> the diuttilm of the eurrei^, just as the direction* 
of rotation <>f a 1 ight -hamhs| sn ow is assud.ited with the direction 
of its forward or fvarkward mylcment as viewed fA>tn its head A 
to which the sc rAv -driver is applied (Fig. 1). Wh^n bent up into 
ft looj^ the sftnc relation holds, 51 %that i^hc cyrrfnt in.the loop 
be as shown «n Ihc upper part of Fig. 1. the lines will pas? though 
the loop in file direction of*the holizfmtal arrows (cp. Fig. 2). This 
leads to the following simple and convenient ruft*— 

Curve the'right hand found the outside ofdhe Iqff^ketfmng the palm 
towards jt& axis, so that the direct »m of the few of current is from 
Jfie jfrist to the tips of the fingers ; theh the eat stretched thumb will 
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* • 

feint along the positive direction of tiu^ines viVAm the loop* the N, 

fate from which they issue being \hereforc*ipi the same side of t the* 

hand as ihl thumb. | * 

•Similarly, whim several loops arc combined in.a straight snlcm>id, 

Jf the right hand he curved rolmd the outside of tfce licit/ with tl* 

^Mlm towards its axis and w(th IhP onrrgh 

flowing fnoni wrist to finger dips, tin out* 4 

stretched thumb will point towards the N fide 

oT^ctid fn<m,which the line*issue (Fig. 11). _ . ^ 

If the solenoid he bent mund*untii its gid< »’ y \ 

un-el, or if a number of insulted ^urns arc V J*. $ 

wound ivlutid an epdhvs ring-core nl eiietiku '■ , 

crosvscct l «n, a toroid i>♦formal (Fig. i).* When # 

cloudy an<l uniformly nvi-r-wimnd. tin* eiicnJar • 

lines ate runfmcll to the section within ill# 

. , , • J i*. 2 I i t'b\ *11 

turns, and there arc no poles. • ^ 

| 5. The total flux o! a magnetic circuit. 9 


In every « ase tin lines of induct inn loathe n guided as a ritruiiat 
''t ream flowing r i Jimd a clusrd jutli etfl it-> man or i»Vn t <i pan Km 
one and partly in llieotlu i. They may therefore he ngoidtd us :i 
magnetic flux passiirg round a«iieitit. Tin ii t<jt:il uumbei within any 
ai * ;« uuiv bt* <• alh 1 111 1 ** total ft « v, and ih< numb'i puling through emit 
area, r,r, nil th< t’.fi.S. system (ho ugh one square rentinirtfr.ctfi/'. 



piano normal t ojhAr direct is the fax-density al ttic soot, the latter 
expression bring f^nonyipous wjlb " the induction ” ft. Th|j lines 
of flu^tn the case ul the uniformly wound dosed 4nmid, such a* 
Fig. 4, arc cndlcfe curves withiiAhc mlrrlhfcoY it* riiifpoftr. whether 
this be made of irow'or wiyd or simply consists of air. g\ll the lines 
of the straight s<j|ci^'id <v ricriroriragnc£ar$ not, how<*Vcr, linked 
Hith the entire numt*r of the <*cciting turns; some Jinc% escape 
from the surface of the bobbin without traversing its whole length^ 
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Yet cwy tine issues through the* roils for a greater or less distance 
in its path. And in tl^samr wiiy, though some of the lines of the 
permanent bar magnet issue from or entej into the itVm short ol 
the ends, yuf ah pqss through it^ en»*vsictioH at the tvntre. Wi 
fjitis reach the inception of a nut^nftic UrcuU thfougli which a 
certain flux passes under a Magnetomotive force, just as ar electric 
rurninl fioV*.round,nn eh-ctrir ciwdit under an flirtr»nto>live force, 
'file expnssjori “ magnetonlotive fuire’* rtcjuries to be further 
flrfmml, and wjl] he round to form-a nonnecting I mk # between J,he 
two systems of magnetic forte and induction. 

| 6. Magnetomotive force of a pircuit. If any two points are 
taken in a magnetic held, ami a lire unit N, pole he moved from 
one point to tla- * it I iei along any line joining them, a certain amount 
or work will in: done if the direc ti«.n of movement of the poje has 
anv rmujioneut along \} xv hru^s ol forc e of tin? field. If tlie motion 
lie against the sense of fke lines tin* work will he done mi the pole, 
or if it hi with their sense it wifi hr clone by the pule. If the field 
be in vucho or m air or other magnetically indifferent in* dium, this 
work, measured in mgs, is \\\t Jiff mute of mognrfu fufrntMl existing 
between tin- lwo ends of file length nudei <uiisidnalion. Il> value 
is most simply cah united if tin* path chosen coin* ides throughout 
its jvhofr length with the direct ion of (he hues of f«n<c ; thus if a 
h»gth of one emit hurt ie he taken anywlimr along a line ol force, 
am* the intensity of the fit Id is lueasiaed by one civile throughout 
tlie centimetre length, the wmk done by a unit N\ jv>U- in nWing 
from one mid in the oihei against tin- force will he one mg, and 
unit difference of potential exists hetwery tli^ljvo end?. Or in 
general.if the mtni'ily of the field im unuo or mail lias the urnfoim 
value //, and a rent hurtle length he taken along its dilution, the 
difference of magnetic i«dc idial ovm that Jmiglh is also measured 
♦by //. j If an endless line looped round an electric, can Put be sub* 
divided inlo very sjnall elemeuts, and the^suiTessive nlfferenecs 
uf potential are calculated f* »r each small ^element until I he whole 
length of the (Kith lias been traversed once, the sum of their values 
or the Htu-ittitgrifl of the m<$ntjic for# is callrtfthe magnetomotive 
foru along the lim: in qiiesjion. \Th.« tiutlme round which the 
differences of potential are^nt^giatrd follows the^fir«ctjbu of the 
field, and the fi<d«Hias a uitffftijn intensity througnout its length, 
the magnetomotive force is *itnp|y the ^product of4hc intensity of 
the fitld and the length of the Imo.^ir it we i**Mhr convenient 
abbreviating of M.M.F. for magnetomotive fence, on the 'analogy 
i>f H.M.F. for elect romofive force, we then \ax£ 

MJI.P.-ffxl, 

A straight wire carrying an electric current «Jf whiab the Return is^ 
Jpyg way off £ives the fundamental ea* (*nu*»lmg magnetomotive 
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force and current. If any on? of the*circular concentric lines 
be taken of which the distance from th^xis o! the wire is r 
. centimetre's, and the wuebe carrying A amperes («■- Aj 10 absolute 
units nf current an the C.Ti.S. eUctrtimagneti^systpin). the intensity 
of the field in vacuo or §i ait iA radius r has the uniform value of. 

Or. and its direction is throi^ghout that ul’the chosen line,' of 
which the hyglh )-+'2nr ; the hi»( -«i 4 i^rafat the Uflce is iffUs simply 

, , . 2A’ • * 4rr.l , , 

the nr.duel ..1 the tun, i«i tJl \ 'JttT ■ ♦ . In the ease 

* # • • lllr 10 

of the straight sol. iioiil ui l : tg. :t, •( svhuh ily Irtish / is peat as 
comput'd wilh tiro fadin'* of it* crn^-sivtiork. tltf intensity of 
the held at i p.inf, ill its inteiior well aftav f om its ends is 

4 rr I 7 . " . 

X j vs here I is the fatal number nf turns and i*lhecuiTeur 

m umjHMs riowmi* through th-in. Snu e, the intensity 

decreases ;ii \sv approach the i nds i.f th< * i«il .*r pass uiWside it, 
the mugful omotiv. torn of iIn ..ft) not easily lalmlatid m this 
) ^il nil Jar faun, ai.d the r;i*e must hr *. implied h% t binding the 
solenoid round’until its mn ends mft-t and a toroid is formed. 
Since the coil now lias no end* tin- inteti nv in its interior is thioiigh- 

• i I 'j- 

out t lie same as at 1 hi; •entle of 1 he straight i oil, O] -Jf- x , } .. wjugf 

111 Ztt K 

2 nR is the hnglh <>f the eii< le coir.-ponding to the mean radio 
of theming; this length may he iinrn. diatrlv multiplied by/Thr 

intensity in dhtaiu the inagimMJiie tive tone, or 
• 4rr .-17 


M -* lI, -^Hi-5to«^ aT *' To 


AT 


Tiais the single eurrent round whirh the lines of di< sti night wire 
wen loopd is replaeed in ilu* cml hy l Minis rath cany mg A 
amperes, • . • 

If now aft iron con Im iuseiMd in eitJnr the toroid or sulnfoid. 
and its M.M.F. is to he det* nniiud hy the imaginary epilation of 
taking a unit pole round a Circuit hub d wifti the coil, 1 henry shows 
that certain pncamfor«s ;ne n<v>s;uy i^<mvjng out tin process. 
If a very small hole be *uppysid to hi drilled along tin* direction 
of magnet i Rat it in at any plan*. and the lie unit pole he fyought 
t<> the place in quTstion, it will lx- u< jTd^ipon by A qpitaisi fbree in 
dynes ; if on the^ufier hai.<£jdir puision into the irog lakes the 
*form of a trvtsver*' nut at right jingles to the direction of magnetiza¬ 
tion, arnj«the free unit pile be nlarnl within the irtfirfitely thin 
crevasse formed b\Mu^'m, it will be acted iwiiry a differ enf force in 
dynes. It is the for mm force, or tin* intensity)! the field as^nrasured 
by the unit pofc wiljiirfcthe Wiin tube r*i hold, which determines the 
difference of potential toft, ca< h small element of length ; and if the 
jPole be moved found ftie rwcuit through the thin tubr; once, tW 
. 4 
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* work done will.be the lijie-integral of the force, or I he magnetomotive 
force. For tho exaefmature In d reason of the above necessary 
precautions in determining H in iron th*^reader tnuft bo referred 
to larger works 1 .dealing more fully with the subject ; it will only 

• here be add* dfthat tly value of //as fo#nd by tfie first-describee 

theoretical process*js identical ijith the original intensity of ftr 
field, the mine toroid iif air before ihe introduction of thr 

iron role. Merirre I fie offeft of ihe <ri<Trft*e in the number of thi 

lines of induction as compared with*!he original liyrs of for^e in 
air has been eliminat'd, and thi liin-4ntogral of H , determined in 
the above maftm r as imlie^p d hjj tlusji y, for any closed line passing 

• ^ * 

through the iron-cored eyilns-— AT, or the Garlic as for the hollow 

<1 4 1 

(oroid. No difference in this respei t ha-, been introduced by the 
presence of tlie irf.u guv, and in geneial the magnetomotive force 
of any saiil, whether irt»n-coml or not, is equal to 4rr/10 or 1*257 
times "the umpere-t urns. ' 

f 7- Magnetic 'flux u related to the magnetomotive foroe of 
the Circuit -The magnetic 'flux K relat'd to the • magnetumuliw 
force in such a detinile way that the ^iltei may be regard'd as the 
cause of the fofnuf, The relative propojtifiu of the ampm-s to 
tfcc turns js immaterial, but for the same number of ampere-turns 

^Jjc (lux may lie very different, ana >z ding to the nature of the material 
u^yliich a given cir< i\jt is composed. The quant ital ivvrelation be¬ 
tween the l wo, or the fundamental erpiatiou of the magnetic circuit, 
is most easily established by again returning t^> the circular closed 
toroid uniformly wound ovei its,whole [riiplu-ry with turns fitting 
close t<» the Cure, Since the lines of flux are in this simple case 
entirely routined to the inside of tin* turns, there can be no question 
as to Ihe area ol cross-section of the magvetic circuit ; it is a — irr\ 
whvR' f \s tin* radius of the circ ular core. There islurflyr no doubt 
as to the exact path of the lines ; since rath is circular, their mean 
length is / 2irAf t win li is the rudius^t the circular axis running 
through the rent re of the core. Such a torqjd therefore supplies 
us with the type of sf iM'tfcti magnetic circuit. From its symmetrical 
shajH', the flux-density ; cross any ihdiai* sect inn through the coil 
with Which it isj»vei wound yuist be the same, agd if r be small as 
compared with H t the flint ybmsitv may be tgken as uniform over 
the whole*w'ea a of the cross-*eclifln, # Tlu* totfU number of lincs^ 
is thus if - f ' /f x if. when it iJ misfired iif square lentimetres. 
Now wlten // is ntea^tred as directed in I ho'preceding section. 


1 Fur * lull treatim'nt^of tin* Aid other points"! n magnetic theory. se* 
1^)1. H wing’a .\t a# nr tit Induction in Ir^n «uta <olhtr anil Dr. It. Du Bow’ 

Tht itagMttc Circuit; acul fur a tlear rrsumfof tb« subject within (horc 
jiotnpass, Fleming. Tk$ AUimatt tWwKl J|iH«/omr, vot. I, chap. 2 
\2txd edit.).* 
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B — pH, where p is a definite coefHcien^for a given material 'under 

given conditions, and HI AT. The tftmpletr equation fhj 

the,magnetic circuit in fts simplest form is"jhus,~ 

* * * * 4ir u 

* # <t> = B y tt ~ J ~ 11» y ii 

• * 1 *10 . V . 

or if £ 1> - //7b **. , 

* 1257/17 

... . . (» 


| 8. Equation ot the simply magnetic * circuit Reluctivity 
and reluctance,— Tin* denominator of Hie uU>vr find inn hears a 
close resemblance t <.» the expression fof t^ic elect lira) resistance of 
a conductor, namely, R -- plfd, where p is the s|*tific elrccriraf 
resistivity of tin* material of which dir enmiuj l»*r is composed, 
l and ii being its length and sectional ansa? and considered from 
tins point of view, the fundamental equation is seen to ho»of the 
same form as the well-known ixpr cs-ion «for a continuous current 
in terms of electromotive force- and resistance, namely, / « K/R. 
The coiniKirisoii of tlie flow of lines of induction to the flow of a 
current through an electrical circuit is muro^ Iheiefoir*, than a 
mere verbal illustration ; there is a genuine analogy betwis ti l^e 
two id sufficient accuracy to guide us in the solution of many 
magnetic problems* The entire- path of the km s forms in all ca-es 
a magnetic cucuit closed vipon itself, and having a certain length 
and area, llirough this circuit under the art ion of a magneto-, 
motive force thcrc # fftws ^stream of hues, and this total number is 
the quotient of the magnetomotive force divided by the magnetic: 
resistance or (to give this property its distinctive name) the 
rrfucitittce of the circuit. Thus analogous to Ohm’s law for 
omtimn ms c »r rgit $, 


electric current 


wq have 


E.M.R 

g-sist a nee 


# ♦ • t , • M M R 

magnetic flux or totaljiufliber of lines ?: —~-- 

* rrUictancr 

^ to 4^ 

The magnetomotive force is proportional o the mmiju r of am per e- 
turns wound roun^ tie circuit*, f and is the equivalent of ^Jie internal 
electromotive fore* yf, an clog trie battery. Both produ<$ a 
diflerenc^^jf potential, in the one case electric and Inlhe other 
magnetic, which fc gradually expended ?;V*t the resisfance or 
reluctance of their circuits. The current ur the flow o< lines is, 
in fact, the rato? of # ch|ngc ef the potcntiarrnxT the resistance or 
the^eloctari^e. The magnetic rduftance of an entire circuit ^or of 
any portion of it*, is presortwnU directly to its*length anj) inverse!}^ 
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to its area. Further, ju$i as different substance! under similar 
conditions have a different specific resistance or resistivity t<whc 
passage of an eler trie’current, so the specific magnetic reluctance 
for unit length and unit area of cross-section, or the rduc4ivil% 
•varies with different materials. * 4 

f 9. Permeability end pjnnetxjce. ‘Hie different rrMsiivity V 
various sAnstanci’i may also b.t* expressed in laaivi-rfec terms by* 
saying that all substance* do not coi’.iUtct electricity equally Well. 
In the same way we may say that ufl substances are not equally 
(MTmeable to the passage of magnetic Ifux, and llii* specific property 
nt magnetic permeability is related to reluctivity as its reciprocal, 
just as electric conductivity is related to resistivity. In many cases 
of electric circuits it is convenient to deal with conductance instead 
of with its reciprocal, resistance, and iu magnetic circuits it is still 
more common tosjp uk of the permeance i at her tliunol its reciprocal, 
the reluctance. Tlie tundamental equation may then also be 
expressed as 


magnetic flux M.M.R X permeance, 
o • 

the expression for tin* permeance being of the ioim ft . a}L Tims 


ft l/£ represents the permeability or a siitalaiiec through which 
magnetic: flux in density II is passing, an<l when in the |«irti»ular 
^condition implied by tin* fact of such a flow <>t lines. 

^NDn the C.t»,S. system the }« inuabilily of vacuum is unity, and 
for all non-magnetic siibslauees, such as air, wood, ro^ijjcr or brass, 
it is also sensibly equal 1 1 » unity. The same, too, may be said of 
any of the medals, with the single exceptions of iron, cobalt, and 
nickel, and certain of their alloys and romp.muds. With these 
three exceptions, therefore, we are justified iu ranking all substances 
as on a level, and in classing them as note magnetic ui magnetically 
iudiJVrent. Even in the case of bismuth, which >fe»wc the greatest 
divergence as compared with a vacuum, [Jie difference is only in 
the fourth or fifth place of decimals, or as (M)9982 : 1. 

Hut within iron or Steel lhi 1 importance of ft may be judged 
from the fact that may f inyiinl tv as much u* 2,500. and the lines 
of force awf of induction are not veeesiauilv identical in either 


nmnfrtff or direction. C v f 

| 10, 0ome^u6nces trowfy* relative permeabilities ol variant 

fQbstanoes^-The dilfriencc‘between* \ he high* pqnueability of iror 
or ltd under certain condition* agd the persuubilitjt of air is ofr 
the same order as that between the conductivity of silvci*,nr copper 
and carbon. It is therefore evident that tln-grcdt contrast between 


the conductivities of metals an<J bad conductors or insulators, such 
as indiarubber, cannot matched by Stiy equal difference between 


the permeabilities of different ^ubstance^ There are in faefe no 
T^viagnetic insulators, *bismi#h itself,*wtiicMs the feast permeable, c 



13 


THE* MAGNETIC CIRCUIT 

. • *• 

feeing only very slightly interior tp %ir. When ^air. gim-metaf, 
brass, or wood are spoken of and often usc^s magnetic insulatqrs. 
it must be^remembtfred that they are so oftlv to a comparatively 
small degree. At the Best their perm*abfity U> magnetic‘(lux is 
, 'only some two'or three*! housiiul times less than that of iron, and 
#t the worst this difference mav # sink piacjlcally imthpg. "Yet 
•it is not earthy that in spite uj^his iW distinction Ifctwccn the 
magnetic and mm-magnet ii> classes i£ nu>re sharply defined than 
between goxj electric conciliate and insulatois. Out of tin* three 
magnetic substances the magnetic quality yi cobalt and nickel, 
though sensible, is not to be eoi^pair^ with that «tf inm or steel, 
so that practically lip 1 contrast lies bet ween Sou with ils alloys on 
the one side and all remaining suhslaifro» on the other side. # 

Next, it may be noted that the flux-density •blainabhi honi 
an electromagnet with an iron core is tquclfcgreater than that 
due to any permanent magnet, and hence the total flux*from an 
elect romagnet is much greater than ran bis obtained fiftm any 
combination of permanent magnets, whCn lv>lluaie ot reasonable 
dimensions. Owing to this fact the uuigiietic field which must be 
present in any dynamo is now always produced by means of elecirn- 
magnets, strongly excited only when ihc dvna^io is in use ; so long 
as the chrMira) engineer was dependent on permanent magiwts 
for supplying him with a magnetic field, the powerful dynamos ot 
the present day were impossible. 

f 11? Analogy of magnado reluctance and electric mhrtanoe 

not exact -On one point a warning must at oner be given as tn« 
a vital di>tinctiun*betWeep the magnetic and chetrk; eircnits. The 
jxissage of ail electric current through a cnuduelnr does not alter its 
specific resistivity ; it may raise ils lemjk'taturc and thereby 
alter its length and its resistivity, but when the secondary effects 
of tempera tore •have Iwn tlirninale<l or collected for, Ihefysis- 
tancc ul the conduct u#has been proved to be,the same whether 
a current of a milhampore or of many thousands nf amperes is 
passing. On the other Band, the permeability ul a magnetic 
sijistance is dependent on Outvalue «dlh£ inductioi^ or, in other 
words, on the density oUhc fluxVhich is at ihc moment passing. 

It is nut, tftercfou 1 , a constant quantify,feixl our definition «U/i 
BfH was st) wordctl^as to imply thof The value of ft could \iut be 
given unless at tla* same tjmc -5 wa*s specified. Further the value 
*of fi for t!u» same induction dr Haiti* upon how that value has Hreft 
reached,£And lastly, is affected J>y the temperature of jhe iron. 

On those and other points more will be sauf in Chapter XIV. 

f 12. Magnetic rdhctanoce: (a), in ieriac and (b) in fc nUlfi .— 
The example fin wiiioto wsfc based the fundamental equation of 
thetmagnetM circuit was* a clq^cd fing of irog, of the same ifeture 
and of^the same bross-st«tiorfthroughoutats length. But«a magnetifW 
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circuit may also be ma^le np of different materials having different 
permeabilities; these 1 ,again rhay liave different areas of crass- 
section and diffcient lengths, while further they may 4 >c arranged 
either*yi that each line ol induction in its closed path traverses 
'.hem in succesriun (*.<. they are '* m serifs**) or so that the path* 
followed by vime lines is ftiffertnrt from that uf others, either At 
tirely or at some portion of its h;iiglh (i.e. they are ** iy parallel *').* 
In such cases the analogy "of the rKctric and magnetic circuits, 
although not perfect, yet is useful a.* affording a ready due Jo a 
mode ol treatment w;hich is vrfjr dott-ly correct in most practical 
instances. Just ut> llie total rodstanre of a number uf electric 
ic.juhii ti.rs m series is the sum of their serrate resistances, so if 
;i c ircuit »>r a pull ion of a circuit is divisible into sections having 
different hnglh\ anas, and jh-hi liabilities, and those are travers’d 
by the same group of lines in succession, the total magnetic reluc¬ 
tance which must tie overcome by the magnetomotive force is 
11n? sufli of the sepujale n -lurtaners of the different sections ; C.g 

it t i a i fi t , /,rt t jUy / 3 /*,.are the respective lengths, cross- 

scetious, and pelmruhililiev of the different portions, their total 
magnetic reluctance is 

;4 >*, I >*i I- •<, I- . . 

/. / t /, 

1 \ }• • -t • • . . 

"l/ 1 ! a iPt 

Sitmlaily the total prfmeanoe is (tie reciprocal of tin? sum of the 
t due limns, or 

1 t • # 

:«i 1 -{* :4, -p ... * 


Next, if at any point in their path the lines of a group separate 
and fullow different pii ts or sections of th« total area of the magnetic 
circuit, the liw which they obey is analogous to the law of electric 
circuits in parallel, namely, that the uumbK of lints flowing through 
any section of the magnetic circuit is the quotient of the difference of 
magnetic potential between opposite ends of/lie section, and the 
reluctance of the section ; iluhicep.Sbo follows that when there?re 
several paths for the lines and the*suite difference of magnetic 
pot ft it wl exists between fhoic cuds, the total flu* divides between 
the several paths directly 4 a< their prjmcaun*, as determined by 
the respective lengths, cross-sections, and permeabilities of thc f 
different portions; and the joint permeance A the parallel paths 
is simply the sum of {heir several permeances, 05 



| 13, Rumple ol a magnetic drraif with leakage.—A* an 

illustration of these laws, hit ampotc-Mrift^c groflped entirely on 
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one side of a closed iron ring composed^ % curved electromagnet 
and an armjturc or keeper A {Pig. 5, 1): the arrangement may be 
likened to a battery, sh(*vn at its wde, ot which each Ci41 tepresent? 
•a current h top,, and the^nds which arc joined by a thitk piece 

• si copper wire R 4 : there is a ru 1 * of magnetic pot Alia] a*‘wr pas? 
ftirough the loops from smith tA nnitH, anahiggus tft^hc rise of 
electric potential through the cells of jhe bqttety ; ain't since the 
ends between which there is*a difference of patential are joined so 



as to form a chsed circuit, there is«a flow of |iru*s or of pWrcfit 
round the circuit which wit Ip n the fna^tietic or electric baltety is 
from the - or S. fnd to the -f*nr M. end, bn! without Is from the 
-f* or N. to*the - or f S. emf. but at this point there enters a v«y 
important difference : as there tic no insujatnrs for magnetism, 
it follows that, if he^freen <i»y two points there exists a # differenre 
two of magnetjp potential, (Jiere will be a fldw of lines bet w*en those 
points equal to theftifftjence of poymtia! diviefed by the magnetic 
rclJfctance ot the patl* jVhatevcr he the substance of which it 
* compared, The flux will therefore not "be confined entjrely to the 
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iron, a* it Was in Fig, 4 ; hi i. will pass across from the N. end of the 
magnet to the S. end through the air as well as through the iron'of 
the keeper. Tims there will be a flow fnxn, <g. b to a, since 5 is 
at a higher magnetic jMlciitial than a, i.c. from un<* port ion of the < 
fhagnet to the </*hej; swli flow w : Jl inrriaso as We pass'away fropv 
the cent k- of magnet towards its ends, and will again decrease as 
we near the centre of the kiTjier! If, therefore, the Analogy be¬ 
tween the rlrctroniagnet and the bat Iffy i* to he retained, we might 
regard the Jattej as immersed in a conducting liquid or electrolyte, 
through which current's may flow across even from one cell of the 
battel y to another in add it: m to l he rxtrnal current through the 
wire joining the teiminak Such nirrents would be a leakage ns 
t;r as useful, rut rent in R t is concerned, and in the same way the 
flux in the. air of Fig. 5. I, and in similar cases, is frequently spoken 
of as ttut^nciic ttnku&c. Hay line-', nr waste field from the point of 
view Ilia, only lines passing through the kisjxi or armature are 
useful and dutiable, Tie- whole 111 listi ales the case of two or inure 
magnetic pallis joined together “ in paiallel " to form a composite 
magnetic circuit. And ibis 'leads tn a sirniui point which may 
again be emphasised : it is that, owing tn tile non-existence of 
magnetic insulators,-it is impossible to define the exact limits of 
thf? magnetic circuit or the various paths followed by the lines, 
except in a few simple cases such a-» a closed toroid. < onse- 
queutly the equation c,d the magnetic circuit f which demands a 
knowledge of the exact length, an a, ami permeability ofthc different 
portions of the magnetic ciiaiit, only admits an approximately 
accurate application. In ihe ca** uf t h* ?t on »idnuiif< irmly wound 
over its whole periplu iy there was no doubt about the dimensions 
of Ihe magnetic circuit and its permeance, all the lines were confined 
entirely to the iron, and the number flowing through any section 
arrow it was identical ; theie was, in fact, no (ftrianty and no 
41 leakage " of Imes’Vut of the loops and acrf»s the air. The reason 
is that all |m tints of the mg-core are at llu* same magnetic potential, 
since the magnetomotive force supplied by l!u* loops over any 
length just svfiiccs tb pas/thh tufaY numltcr of lines through thu 
length. It may be likened >n a closed loop ol wire in whu l^an E M.F. 
is ginVrfated, the amount* Related pel unit length of the wire 
being uniform-throughout t he Whole circuit ; a^urrent flows under 
the E.M.F,?but all {Hunts of the loop are at thF same potential,, 
since the developed in an y lehgth just suffices # t 0 pass 

the curmit through*! he* resist a noe of that length. c 

But now hi the new case of an iron ring, in which the winding 
is grouped on one side/only, the total magnetic reactance of the 
circuit is a complex eomhinatlqn of the ittferr.dl reluctance of the 
jpigWt. the reluctance of the armat'.trf, apd the r^uAance of The 
external ah-paths. How, then, is the reluctance of the air*to be 
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calculated, since the paths of the lines fhrtugh it are so manifold* 
and differ so much in their length ? TheyAw not only from the 
extreme ends, but acros^from all points of ifie magnet.so that the 
(PUiltihcr of line*carried the/nagnel, and therefore theirjdonsitv 
* within the iron, i> continually varying ; a* itj centre they are ;f 
ifiaximmn, but thrn.ee they gradually lea^ out <«n <^11 sides, i»|ht tally 
"towards lh^ ends. so that a smalW number passes tftioiigh the 
iron of the keeper than through the magnet. • The calftilatiori can 
roost readily be iH'rfnrnird ity certain .isstimptMts which are only 
approximately true. We mftst re present thtawlnde by an electric 
batteiy, between tin*terminals ut whn*k time are two paths, one 
of a low resistance and mic of high rrsfetunce A*, {Fig. 5, 1), placed 
as a shunt to the oilier.* The second n piesents ihe ij-luclarcr *4 
the air. which is vety high as com]wed with that flf the iron. 

For the sake of simplicity, then loir. I lie 4 ' lifMuuce of the ail is 
regarded as being in parallel with the n Instance of the kirpn, as 
if all the lines passed light through the non of the magnet from one 
end to the other, and then at its ends divided* iuty two gioitps, 
some going through the keejm and •unne through the air, these 
latter being the leakage Iii#-s, which ate thus sup]H>srd to issue 
forth from and enter into the magnet only >t ilg cwk On litis 
assumption, then, if and art* tin- r« hi< lann s of the iwopattis, 
aff *rded respectively by the kn]v i ai d (lie an, the ixtenal 


JJ{ yr -,fj 

reluctafee, tying their joint uhset.n m in parallel, is 0 

‘’’•a t *‘S| 

and this is m series #ith llje internal lelnetanee of the magnet M m . 1 
The total reluct ;n A r, the '< foie, ihe entire magnetic eijeuil is 


and the t*tal number •«{ lines produced by a given numtfy of 
am{H!e-tmns enniclirg*t)ie ciruin is * 



(HnAT 
^ ^ * ! 
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where & the ^-cipnjol of the totyl A hi'U ih-c, 

is equal tn wh err* I a . a 0 find ft a are th|g mean "length, 

area, and permeability of,thearon j<f the keejarr, and ^| m similarly 
-= TV Vductann* of the air-paths or fheir 

permcar?1: :>»*,. can be calculated assignii^g ascertain nu.jpi ki gl h 

of ]>atli and a certain area of cross-section to them ; or we may 
determine rxperini<1>tally the number ofc lines flcwrrfc, through 
the middle of UK* magnet <£*, and the number*fluwirg through the 
kc^tfr, ;* the dt/fetence betwecTi the two^ giv<s«us fa, 

'or th^ number of lines whifh leak through the air. • * ** 
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On the same assumptions the total number ol ampere-turns 
required in order to produce a given number of useful lines, 0 # . 
through the iron of the peeper can also be calculated ; just as the pro¬ 
duct oU current urul-a resistance through which it flows gives *the, 
'number of volt* wltjch must be applied to the ends of the resist at^V ' 
in older to produce the r orient, s# tli<' product uf a number t i linA 
of flux awfn rehufuticr throughVhich th<v flow gives thv difference 
of magnetic [»otcutiii( whirli in'M r5d-»t bctwitm the ends of the 
reluctance in order 1 hat the given nunlhfT of lines may flow llir<«tgh 
it, i.e. M.M K. •■> K, llen. e the diffeivuee of magnetic potential 
which must exist betweenJjie eicd> of the uruiatnre m order that 
lines may pass through jt i-. <!>„ X ;-H, ^ Air A i\. Hitt this K 

?|so the dif(ercnco of magnetic potential Sluder whi> h the It akage 
lines are assumed to flow ; mie* queiUly, ii we ti min ply Uhr.lij 
by ^j. the permeant of i li?■ air, rh<* product i-, the immlx i «.} hakage 
lilt's, wb*ch we call j> ( ;' the sum <b a | <f> t a i-> the number of 
lines flowing through tin* magnet, and the difference of magnetic 
potential rrqiprerhto diive this huger number through the magnet 
is <!>„ X «K„ 0'4 jt/I 7Y The total magnetomotive force rrqnind 

is therefore lMw(.f l\ 1 . I/*} iMir^T. 

| 14. Example ol an imperfect magnetic * circuit with double 

air-gtp. Next, let ihr heepei be la id at a little distant e away 
from the magnet, so as to inlet pose in tbv magnet it «iri uit iwu 
equal air-gaps, one ;i| ^illier end of tin keeper, with parallel fads 
and having a certain definite length (lug S, U). c * 

At once the Iota) flux produced by a given, numb* r of ampin- 
Inins wound on the magnet j,«euf)juioi.sly de#MaM-d, owing to 
the high reluctance of the two air-gap'. The effect may be rotated 
in tin* case of the battery if we add in series to each end of the 
external portion of the t in uit a dmit lerglli i f wire havir g a very 
hrglg.pesistivitv, but of the -aiue diann-tii as uur thigiiyd txten.nl 
resistance; these will reduce the total vitrniit, and the euneiit 
through R t will bear :j much larger | import ion to the current 
through K, Ilian toiincily since the two instances and K a 
have heroine, m<ue*neyili iVmpafitblr. In the same way the 
number of lines through the armature is greatly dec rinsed by the 
inter pillion of the two ;fir-gip> r hut tire magnetic reluctance of 
the rest of the^uiTomuliug*;vir<ii riiain^ the sanv‘ a> before, ami the 
number of tones therein will be the sAme«if the (ftffefeia'e of mag- 
mdit put cp tipi at the pub's of tlie fliaghcl relearns the* same ; the 
proportion, there for* , ltyjhirh they hear relatively to t lie* number 
in the armature or to the number in the magnet is very mueb in- 
cTi'ased. •ndoir, almost all the lmi*s passed rouru^the magnet ie 
circuit entirely thrutigh iron ; pow, a mu^lf larger proportion go 
parti/through the surrounding air. ThlJJwo ai^-g^>s beirj/in 
series with the iron of the Iteeper, the total reluctance of the*three 
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is the sum of their separate reluctances? l^nce, it the reluctance 
of one air-gpp be <*,, and they are both eqtial, the total reluctance 
2:4^ + must be substituted tor :4 # in* the equations for the 
• number of ampc*f-turif or Uni'S of flux, 9 It blight bethought 
♦hat it would be easy to cali-ulattu:H g . si^ce Hie length of i;acfl 
^Sir-gap can be measured, as also the ex;*! ares of tin* j^rallc) faces 
of tile iruiiVhrrc? the circuit is divide*], ttqj here again a caution 
is required; although most of the lines pass*straight across from 
fac^ to face ftf the gap in the fr^i, yet at tlunilges they spread 
outwards, and pass across by cutvrd path*, which fntm a kind 
of " fringe," gradually shading Fff iirMensijy. Consequently tlit* 
exact art a and length of their juths known, ami an allowance 
for the fringe has t< » be fhadr by the aidVf tlnuiy ami expciimei*. 

The imperfect Mttt'uWjc circuit illustrated above, ill which the iron 
is completely divided by tw«> aii-gaps is fcypfral of the magnetic 
circuit in most dynamos. I’m the pioductimi of 11n* fc.M.R there 
is required as large a total flux as pirs-.yWe, within a small space, 
and produced with a nav.liable expenditure <ff eluchicaj energy 
in the coils through which tin* monetizing current flows. An 
electromagnet with an iioitcore must, iheitfoie, be employerl in 
order to produce the field, ami in older to oftaiitas many linesus 
possible round a whole magnetic t inmt oi tIn• nigh any potfh>u 
of il with a given excitation in ampetiMuths, tin* length of the 
path wuder consideration tmisl be as sho*t as jiossible, its area 
large, anti its pern liability great, lint \\v cannot have a closi'd 
magnetic circuit cntfin-lv of iron, since then* must be at least om* 
and Usually ihen* ale t\V?> air-gajts in e:n It circuit, to |>erimt of tin* 
continuous rnoiioit of one portion id the nuigm t system or of the 
ehetric conductors alone or oi a portion id the magnetic rjiruil 
carrying wjjh it the eh-^ttic conduct «iis, relatively to the jest of 
the sVsleftl. * # 
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| 1. OontintuHu-wrtnt jnjAirm ot Omu H requiring a commu¬ 
tator. <!r>ntliming with tlr<- )nhiop..Ur machines whiHi form our 
main subject. Wi; pav* tu tin* I d gmat g*<»up, viz., tinwhich £ive 
u continuous os diM'i't current, in the external circuit. Since the 
K,MJ’. induced in each armature «oil burned of loni*» alternate* 
m direction, 1ml tin* ^•rmiuul Voltage is now required to he um- 
direct efL some l«»risi of commutator develop*-*.! out of tin- simple 
split-ring of I*i| 4 . 15 vniHt be prrseut. Tlius by the addition of a 
commutator, the Abler opoUr dynamo i> as it ivvre artificially made 
to yield a imi-directed voltage at tin 1 terminals, and by proj>cr 
dtaiigu as is nuw to be explained. llii. voltage ran U rendered 
imu'tk'uHv eoiistaid, s t, that if bet-time* a • ontiriunus-current 
machine. 

The purposes to which sin h Muslim s .can hr applied an* so 
numerous and so important, tliat they aiv u-*d more extensively 
tluii any other class of dynamos, although not built in such targe 
sizes as alternators ; whether it hr for incandescent lighting, 
charging accumulators, motor driving and transmissible of energy 
over moderate distances. <■( Hrstro-<l(|.option of rmtak they 
can be list'd for alt, and are wijll suited for most purpose^, while the 
voltages for which they are made vary from 5 to 3,000 volts. 
Although delivering a direct current to the external circuit beyond 
the commutator, yet internally they remain essentially alternators. 
Th^ir characteristic features will lie found to U* intimately connected 
with the nature of the winding of their armatures. In .U1 cases this 
•forms an endless helix which is closed u^m itself, or “ tc-entrant/* 
ns it is ten him l. tmJcyvndetitly of any. connection to the external 
circuit, So imiMtttant is this fact and its ccvisetpienccs that they 
may Ik* specially regarded as machines having a JoseJ-cirl'uii 
armature uanJtng, although such a type of winding, as will be seen 
later, may lx- and often is employed in hctetopolar alternators. 

| ft. Ntoeatty toe ibort-tircftitbif a oofL ^mn the vantage of 
machines'belonging to the present group is to be steady and free 
from fluctuations, it is reasonifble to try the effect t i placing two 
nr more coils on the arivuture in positions which are not symmetrica! 
relatively to the pofv%*> that when one coil is^iviug its ihaxintum 
E.M.K and another is approarhiiig zero, the crest of the one wave 
may be added to the hollow of<tie other We have, therefore, first 
to determine how t)ie E.M.F.’s of such ccvls can fa combined to¬ 
gether, their connect inn wifh the external circuit Jwng still reversed 
♦ 170 
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at the right moment when the direction of Hie Kitty induced in 
them changes Next, and most important*. t^his must he done 
without ojxfung or breaking the entire eimnt. cJlnl this, 
whenever a rbil is in the position ul reversal c*l K M.lv jHtweti 
two adjacent poles, it is lAorl-iJmtito/ on itself. If each of the two 
brushes of Fig IS is made to loiv U Unit sectolsof yho split ring 
simultaneously at the moment of Mejs.ii, the t oil is«lo*-d upon 
itself fora short time through (fir brush, arid thf- allows f lie mririit 
pmioudy flowing lound the r«*il in |Jir one dim lion to die away, 
ami a amint m the r« utm 1 tfftis lion lniind it to In* s(.iit«d by the 



levers* d 1^ M li as il approaches the n»-xt juJiv I'Ik* bj u^lp s 
must l)f sj>.vt tb.it the *lioii -v imuiii'g takes pi,H e approximately* 
at the position of //m li.M lv, ami the tiu^of K.M I* of tin* loop. 
a$ g.vcn in Fig, 15, is thus Jiraetrally unaltered. 

| 3. Two coila At fight incte% Starting, thei, m the Iwu-poh- 
rase with a pair of #ods at ^ ipltt angles icn-a* h other, and lonwctcd 
to a pair of splittings displaced irfativHy to each othei by a corre¬ 
sponding angle of 90 ^ we must Joplin gaps small, give tin* brushes 
a Mjftrieritly wide contact surface, and set th» in in sir* liWi position 
;ftul at surh an anglestojbe*split-wngs that they bridge over the 
insulating •material l>e tween the yfors whenever a o»il is in tlie 
position df reversal. Next, let one brush <5 one split-ring be con¬ 
nected with the bruSh <-n th«* opposite side of the other ring ; thus 
Fig. 15 will take the form shown in Fig. 81, which repfcMriiU a 
two-coil ring, and by it * side ^ic corresponding drum-wound atma- 
lure ; for the sdke of dearness, the armature Vliaft on which both 
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*plit-rings tyouW be mounted, And the connecting wires which join 
the ends ol tar mils lathe sectors are omitted. the connexions being 
merely indicated by corresponding numerals. Brush a' w joined to 
brush 4,, and tin* remaining pan *of brushes form the ternynals to 
which Ihr external < iiruif is npjiJifd ; as shown in the figure. coil 
H is m Ihepusiti’ai of revcis*!, and, therefore, is short-vircnited 
through its brushes ; the < urrwit Hows mto u, through roil A , which 
is alone supplying K.M.F , Mud otfl by u into 6 amj b*. Bill a 
moment Liter, when flu* armature has moved farthe r round, !>&>th 
coils will !«• m it. I ton, and wither will hr sh<»rt-circuited by the 
brushes ; iiic < uncut due 1o tie K.M.F. imluccd in both will now 
flow through coil ,1. arid them*- through coil li. leaving Ihr 
armature by brush h\ As the annul utc continues to rotate, coil 
A will in tern be * hort-cin uited by its brushes when it reaches 
the second posjiMn of jvversu), and mil }l will al<*n<- supply 
K.M.F. to the external eirmit ; finally, both coils will iiitni* 
again inio a< holi, until li is again short circuited at the md of 
half u revolution. 

Die armature itnuit i. >*hus n«-v< i hiokcu, and no iorl is cvri 
open-circuited ; o;n h gives a mrve K.M.F. a» shown in Fig. IS, 

hut the impoitauf result fw> Ns-u obtained that llm fuooils air 
H >W 111 sei ies. and the < (live of the lotul K.M.F. acting at the brushes 
<1 and // will hi- given by adding together simultaneous ordinates 
ol the two separate nitvis and ploM nig their sums as a thud curve. 
This has been finite ill tie* lower p,ut ot Fi|» 81, the * urvr't,' I) show¬ 
ing thecffiVt of adding togrtlici u; srlics the« olM| m' tU'tlt (d<-tted lllle) 
K.M P ’i gerirT.ited at each ms'uiut ui ^lie t««*«<ik The two mils 
are now either m scries or one of (lit in is shniVi in uitrd ori itself ; 
as tile K.M.F. m«lu*ed in our mil is diminishing in value, that of the 
other mil is lising, so that at 45', KIS", 1TJ5’, and IBS' the two are 
cmikl, anil the total K.M.F. then reaches a rnaxtmmy, while it never 
falls he low tin- value of the maximum given byorjennl when 

ill the position of best action. At mue it will he seen that the 
fluctuations \\\ the third full line mrtr ot joint K.M.F,* though 
Mill marked, aie Very mm< h reduc'd m value from what they are 
when each coil acts srjmiatelv.' liapre^srd a** a jiercentagc. the 
fluctuation, whiyli i> toughh MM>per cent. oti either safe of a mean 
value in flu 1 case of a single coil, is reduced to,d*<ut 30 per rent, 
in the ca«C of two mils iu Series, % 

A further step towards greater ron>t4|iey of K.M.F. would K* 
made by arranging still more fjnils at successive siftalt angles m 
front of yarh oilier, so as toeonie into ami out of potion sueOrssively : 
with four coils arranged with angles of 45 v between neighbouring 
pair*. tin right undulations in a revolution would be much smaller, 
and4*he fluctuation would be reduce*! to jm!y 10 percent, on either 
aide of the average value throughout a resolution.' 
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| 4 Dtvfafca flf (fat linAnc Mo two Unt in 

let the of Fig. 81 be repealed, >/ts to ribum four 

mils symmetrically placed round the armature, and i-^ii with its 
ends attached to its own split-ring toititimialuj (Fig. 82). As in 
Fig. 81, a current can hr culln ted fioiit coik .-I and It by applying 
the external«in. mt to brushes a and p ; similarly, vt tinimt call In* 
colic* led ftoni coils .1’ and /F by applying the » \tur-a) riirnif to 
*i* and If. It ibetifoic we join’all tin. brudies^consii utively on 
up|M^ite shh s of itie i ummniators. and finally join biudi A'to brush 
it, both rut lent* tan he i iilliiU'd by aj>p)ving the ♦ Menial dicuit 
to brushes a and b as before. We row ii.yw a dynamo giving an 


a 



t J-< } .nif l ,fU ' ,i|..irt. l <il|iii< !•-«] in l*o j^rallrK 


i: mf imn wit?, that *rf Fig. HI. Inti carrying twin 1 hr 

, orient , t}|t' two hat vis ..f tin winding air in parallel, 

and thr iurteiit rnt'^mg at a divide- within th< .u mature mi./ 
two iipial pottions, one tl.wmg through n*iN ,1 ami It. and the 
other 1hl<>ugh li‘ ar;d .1', The two nuniting to haw at h. If Uir 
sejurate hi u sins-,, and separate , <iinxhlilat<’fs an- now replaced hv 
otie <vlii\dti*;d struitiiir' divided into four >,* i»r* insiiUted from 
eai h othel. Up.li h one p.ur of hurdles le ts, (hr effect is 
to convert the whole winding* id the ai in<«lure*in1o a r|.,sed spit alt V 
woupd cull, joined at hit rivals [o romrmi^ttor s^*< it,| -. The end 
nf une e.nl [■» lonsi^uttvely pan'l^to the beginning *A the next, 
as the numerals *Ji<.w, until the end the last is joined to the 
* beginning rhr first. Fig. Ki shyw* the joint ion,mutator m 
jx*n»|xt'ti\T t and IhIoV are s)io;vu the i ohjjm turns of t^e roils ; 
» at#the right of I he diagram Uie bmshes are shown in the act of 
short <irru it tug coil* A ami A*. The whole is now symmetries! 
on Wh Hides of the brushes, an?) lotati'ffi »„i]i he indefinitely 
continued without. aCany time, braking the circuit or leaving any 
coil opcn-circumd. As vmn as any coil passes away fsnm one 
polc-ptecc, it is short <iiyiitcd undcr^ brash, and passes over ytto 
the other halt of tbe winding. Vhe complct c closed-circuit armature 
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Is now iem to justly its name, not only because a coil » never 
opctwil, bm aliobet411.se it is itself a closed helix, l<xmul of a mutjbcr 
of cont imu*ysly w^und loops ; starting from any poirtf, the winding 
c*yi be tract*! right round the immature, without any bt<^k, taut>1 
♦ lie start iug'iN>int is affuri reached. Tin? brushes must d« set at 
tin* opposite ends of a diamelej nrsiily «:i»rrexj*aiding to flu* neutral 
Inn* of m»» field. » • 

| 5. Eight-coil wpohtf raaturis* Having one* armed at an 
urmntun* winding divisible iuty two hakes m parallel, it is ta^y to 
|*iv» froin two coil', m eaelf half to three or four, or any larger 
muubei, in e*uh halt ; # all that is re-e ewry is to introduce more 




o 

i r^vavv*,. 



I n; Hit tour part mimmitator. 


Msitois ;nto tin- i oniihutaM, r.u h foiimng a roiyo-ilmn hrlwYvn 
flu* rml of tan -1 sat and the beginning of another. 

Figs, H4 and K5 show two dsum bijs.Ur armatures, each with 
eight toils, hul tin 1 mtb lap-wound .md*,hi‘ other wave-wound. 'Hu* 
dilfernuv in (hr.wmdnjg will hr dealt with* in the next Chapter, 
but if tlir development of the vvucimg at (lie h*>t of ea» h diagram 
be traced out, it will be that rai h is do^sd on ilseU and is 
divisible into two halves. Tip* letters, a, b. c. etc., mark corre¬ 
sponding |>nr lions of thevud-correctors, where they would join 
if the armature were again land up into a cylinder. The loops 
short -circuited by the brushes, being situated near *io the neutral 
line of Xero field, ate li ft blank* while the direction of the E.M.F, 
in the n*st is marked by crisis and dofs or arrows in the 
developments. 

^ 6. Thi oa tan ol the dotik-dmit irnvitait,—The fundamental 
condition being that in all the active coAductora under, say, the 
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N. poW the E.JLF/b induced along their length* axe 114 thf opjxisiie 
direction to the E.M.F/s in the active conductors under the S. 
pole, ait inspection of Fig*. 84 and 85 shows that, by bo^li methods 
of winding, the Small K.M.F.'s mduivd >iimilumundy ill tin* s« vvial 
gCnil-ddes ap- adtlol together in each half of the winding, mi that u 
is their sum which taiKS halt the total armatutc t utfcni to flow 
through rarh paih fjotu one brush lu’lhcMhcr. Every bipolar 
* ']nsrd*circuit annul uje uwi-wound wnh (‘oils ♦may he divided 
diam«tru ally into t wo halves by a lintc^rjrsp.mling (u The diameter 
of commutation, of, in oth* 1 wwd>, hy a line at light ungli-s to the 
general dilu tion ul the lun-sid dux a i liny u«*s from the one |ndr* 
piur to tlir other ; along the outside of ihr lull whith is on the 
one side ol ||ie dividing hue, say imd- l tin* N. jmjr, their i> a shccl 
• *! current flowing in all the conduct• u* in the one dtiei (ion aiticwtd 
by iin nliM’ivri' at either end ‘ while .dong the unvide ul the olhei 
half, lilt- sheet of iljrielit flows n\ the oppuMte dilution. The 
hi tidies i<n>.lining -*t at it-tun y on the r»x*-Ivmg c<-mmututt>i lui in the 
1 onta< ts, hy which the riim-nt is * "Ih-ctcd from both Jialvi s of the 
winding, and jxe^ d into ui nturned Ji*>m the external «in nil ; 
while further, hy ijetutirtg the coils which an- in the ]*osilion 

of Zero E.M.Fm they sr|Vi; also 1o " i'i •minute '* the i III lent, oj 
enable a cr.il to pas* fnan the one half <d tin- annatun ovi f 1 o tin* 
other, wheti” the iintent inimd it is in the u-vein- dirulioin The 
nmmmiatov ortor*, whwh ate. at any moment ritualcd brtwiui 
the hithOn.% v.-jve merely $s junctions t>< iw<«-n the n*l of one bmp 
or coil of many Mips ami 1 b■ ■ beginning td l he next, but llieir 
true fimction is calh-d out ^ rutatibn continue-, atid they pass 
surei^ively under the brushes. 

To drcieuMe still butler the fluctuations of the K.M 1 ? ., nunc 
ends or " tuitions M can ^innlailv be wound on to the arinatiiie, 
with a corig'ixiHtlingly iticieased miiuhci ul commutator y-* U/fi, 
The amounted fits- luatmrt with a giv«n numbd uf*vn Inis depends . 
itfH'ii tin? shape of the curve of 1 7 ,MI\ yielded by eac.li section r»f 
the winding, and so upon tlfe ratio of the polar arc to the j«Mi, 
Tlu'«morv }M)tnt<d or triangular l^e sU,i|n\ the h<* Ihr fluctuation, 
but if the pdi.-wiritti is imf more than about 0-70 of the pihh, an 
• in practice is usually the case, any nun Act of sn tors more than 15 
per pole may be regal did as giving a sensibly constant KMK. 
at the brudirs. With a large /Cumber of com mutator parts, the 
f>iftip)e tubing divided ts shown in lug. 83 has to be. replaced by a 
built-up stricture, consisting ol a lyrmbcr of wedge-shaped bars or 
sector j of hard-drawn copper placed side by side, but completely 
insulated from each ether by intervening stf>|* of mica, so as to 
form a smooth‘cylinder upon whidi the brushes rest, lire whole 
being insulated from th* deevo and collars by which the sector* 
arc held tiglitly together. " 
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I 7. IHtipekr qcMnaow-anmnt unuthtnc.- From ilut bipolar 
armature* of Fig*.,H+anil HS arc imuii iftil >-ly ilcmrtl I he mulu-|4ilai 
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but the diagram* are here introduced to fllustraj* two types 
oi multipolar armatures in which the winding 4s div isible, nnt into 
two baht's ia»|m«iHe]. but int<* a* many juth* in ji.ir.iHfl a* thrie 


**/ \V « 
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applied. *As«m the 2-pole dynamo there arc two neutral lines 
where the Coils ImvT: their E M F. reversed, and two corrrsporttling 



pdtnts on the commutator where the vifcrmt i$ t collated, so now 
there are 2^ such points; am| each of the 4-pvk machine* of Figs. 






. - . 1 + 

Ft<i 87.—Fuur ujle duplex wave wound armature (a p m 2), 

•U m 32. C 16, C tf, 
f y* - 7, y, - 7. y, ~ 7. 

Single beli*,(y, an odd number pnn* lo C j 
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86 and 87 is cucitfSlly two bipolar machines in parallel, together 
capable of carrying four times the current that each quarter of the 
winding could carry separately. If q 1m* the number of paths in 
ptalh*! from - brudu*> tolfms|u*s in the continuous-current 
machine, q is here --- 2£. > 

Thus, ai contrasted with tin* alternator, m which the winding 
may be cq«*n -ended, the numb'-x <*f ptt.dld |>»*Ths q in the armature 
id the <<mtmnoiJvnirjvnt machine with its oh*rtf-<.fti:uit winding 
< ati never he less than 2, and, if mop* Mian 2. must be a multiple of 
2, lienee in gtacrat, q -2 U, win re a is tlie number of pairs of 
[lar.illrl paths from - biNisln-s In } brushes. 

Of tfie windings alyovr shown with y 2/>, owing t■> certain 
disadvantages in the wave equivalent (Chapter XI, § 20), tin- lap 
lorrn is by lari he most common so much **< ♦ that it may be regarded 
as the winding winch gives as many pairs of parallel paths through 
the armature as their are i^lr-pairs. It is, in fact, the essential 
characteristic of lap-winding that it must under all circumstances 
give i \t least its many pairs of parallel path** as there are pole-pairs, 
although, as will lw seen later, it may give more/ 1 

f 8. Rise and fall of potential rouAd armature and commutator. - 
Hie wimble' of < luM’d-cin uit armatures being continuous, at any 
liinmmt theie a?*- points on it which are abreast of each neutral 
plane where the Ihix change** direction trhitively 1<> the armature. 
These points ^rre Iherrfoie points on Mu: armature winding fixed 
relatively to the poles ; whether a comunitLtor is or is not attached to 
the winding, at one >in*h pojut on a neutral line tin* potential of 
tile armature is at its lowest and or. another such jw>mt at its 
highest, whence it again fall-*. There is, Minrfore, a difference of 
potential fx'twivn two such successive? points in the winding coin¬ 
ciding with nrutr.il lines of the held, and the continuous rise or 
fell of potential from one to the other has now t<f lie examined. 

With q paths in paiallel from bnislull to - brushes! the number 
of conductors in scijps in each I**- fijq, and of coils in ear.]) is 
Xfiqt » Cjq, where / is the number of Minis,in a coil. Consider a 
Unite number nf*cuils S,\ P ■ 2(1/ disposed at equal angular Mis* 
timers of fi electrical degrees round the entire double pole-pitch 
of a smooth armature in aNwo-pok* held. TW « » w/A\ and it 
will be shown in the next tlnqUcr how ^ will •equally will represent 
the relative displacement of the coils i^the field of a double pole-pil^h 
used as a slam lard of referendum the cast of a multipolar machine, 
and for wave-winding,** as well *.s for lap-winding. Alt hr nigh each 
, ** 

1 Thu jump Jr x lorm of Up-winding is here alone coiwylcrcd; its further 
dcvck-pmtnl into multiplex forms is treated in Chap. XI, f 15. 

1 JVhen the coils successively passed thfough m each tour of the armature 
ere inserted in their pr*pvt sequence in the stand jfd reference fifid ol adonhl* 
pole-pitch. 
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coil may have i toms, the width of a cutt-sflf is punted to be so 
narrow that U may be regarded as eonoenWited on a single line. 
Let the fliAt-dcnsity curve he n*solved into its fundamental and 
harmonies as - • 

Bi A | ''111 fl ♦ .'Jj > 11 1 il il ; .... 

| /ij Oft a 1 /?j oih il it ‘t 



first posit'0’i Ljifto’wJ 

Flo 4IH for njinmnwtj .i«<j !■' M 5 '* 

• r • 

b'l ft t . lij, b, . . . b. value «>i amplitude 

of the silUisi.id.il lvM.l ; 's dlle 4u r .o fl i*omjH.»e]it i.} the held, 
iy. r-. (2 iLV x Ur s j mutt it (tied by £ r1 ' .l x - a Jr,/ .tjnriflr,/ /*,. etc., 
as the g r;w requites where Jf/. k A m . . . are the appro|>ruh* 
differential fartors h«r ihe [iar|Kit1ar pih h panned bv a foil or 
the mean distan* y betwivn it> side** (\cc Chapter IX, $ 12, equation 
133 )). . * * 

As the starting-point, let the ^iw.menl be taken whm the axil 
of a dm 91 .'oil i« at gghl angles to a neutral plane fit the supposed 
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twojwlc field. # ThLs «s represented by the first positions of Fig. 
88, although here Wsimplicity each cotl is regarded as of fuJJpiUh 
and w diagrammaticaliy represented by a ring loop actually coin' 
ddipg with tin: neutral line wlu-u in the starting pillion of zero 
KM.F. 4 

When X -- a whole number. Whether rv» n m uneven (Fig. 88, i), 
a S4rroii(l erilM alposition fs found when the roils have moved through 
half their angular pit* it, i.v. riuough p/2, and all coil*a*r in action. 
After this, the values of 1h« instcutaneous K.M F.'s begin to repeat 
in reverse order, aitd a cycle i , completed when the angle /i has fieri* 
moved through. A m-w pul ha. then replaced the hM f .jil , atu) 
the original end (‘oil lias pa-^cd into the other half of (hr complete 
winding. The two ihoVu ] xr.it joii» will, therefore, give the limits 
between Svhif-h the K M.K of ends or vetoes varus. Kur the 
present, com mutator and brushes aie sup|<ov-d nbv-itt, and it i> 
merely desired to find the instantaneous potential along the culls, 
or the total drffnmi e of potential between tie- two points on the 
winding hehx vjhi< li at any moment aie situated i<n the neutral 
tines of the field. • 

III the first positnm, the iiM.iiit.mmi. total K.MK between 
.! and /> is 

*> 

% ' >1 hill It” J Mil ft | sin 'i{t } sin .1 m f , . . t mti (A* 1) 11 } 

•| i s'nJu | win tfi* * Hm U/i \ 'in (A' t)3n; 

I | j^ii !!/' I si 1 lU/! | mm IJfii .... t mu (A' • 1) 5« } 

A k a ftl* 0“ t l«»4 ft t MM "m j I os it/* t . . . t I'iljj ■ ,Y * I) ft ] 

*1 lifctmCJ* P cu* Am | u»s H« \ cos Jin' i- . » . *\ no (A' - t) itn) 

■j- h(idl I) 1 * j yrt .In | ens (IIm I cot 15« ; ... > mi 'A* 1) 
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The addition of tjie hist veitual column (including* the*iou>tartt 
tortus) will give the Iv.M.F. of roll I, of the second Veitu al column 
the K.M.F. added by enil 2, ami so on. • The addition of the tirst 
two columns, therefore, will give the potent mI of the jimetiup 
between coils 2 ;md"H, reckoned fr^im 7rf-m,on lhe t first neuttal hue. 

For x coils (including No. l^out of the number $ per path, the 
general expression for the potential at the end ot the xth cod fir 
junction bet ween t he vih and.(t -f* l)^h coil is gifon by substituting 
1° for a, Hf* (where ft is the order of tlm harmonic) for y and x for * 
fi in equations (29) and (811). Thence it 
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Or in lull the E.JtF, is— 
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lirnt* h>l thi • I'Mlmf! ifn K* tn f.li rXpIrs-joti fo| lh< jiotmlwi fit 
1 |if etui of the a i!i coil is "hlfiim-fl from « <juations*{2?>) ami (30) hy 
substituting njt?2 for n and for y This nilnrn to- • 
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tt,t 


«// 
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■in t . • b. 
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f-ing On i xpu-siort for ih* iih-Iimi! Jlux-Mirve of f ilial ion ( 35 ), 
the instant .'menus results lor tin «ighr*v j il armatures 1 of lugs. 
84 and 85 air shown m Tig. 891 o file saute si air foi the two |w*jtinnv 
fhtv 1 hr thimiri hues mail Jim ii'.e v and ftiJJ of the jtotrnfraj 
along lh« winding. the <1 ■ >*s marking the jwu lmu of adjfn rut roils. 
Since the tmnunulaloi air^couimted to ihev* junctions, 

the heavier Mej>j>H curves diawn fhmjigli till'dots show the jvjtrnti.il 
of commutator seciojs. As trie number of < oils |*r po|i*»s inn rased, 
the tw-^iirvi's dr.iV *ogethrt, atld hoih approximate rnoir marly 
to a s"i»r curve, • 

If a polygon o£ vntois, each represent yig't be maximum IvH F. 

1 Wbrn art.nifiM as a two layer winding. v* th*l th* |<t1 ■ ti of tlie watt 
can be lull, an<j ^ j* 11 * 
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of a coil, lx* drawn for the fundamental or any order of harmonic 
in the flux curia*, a* in Fig. 90. and it be imagined to rotate about 
its centre at the ctrit* ponding speed, then if any two points be 
taken, such as t.%. H. // nr A /)' at the ends of vectors [i.e. in the 
winding at the junctions of emit and therefore accessible points 
to which a cirnu^ fan ft* upjdird), file project inn of tht closing 
vector IU)' *>t AT? u(yn a vlrtiul time*»xii AD will give the 
instantaneous value it [ th»; voltage tn-twis-n ft and I? t <>i A' and [)\ 
these being two points fixed in the winding and movtng with it. 
But when tin* iuslaltfau»oll-i*Vn|fugf| between two neutral lines. 



I-to 81 * -Hew .iti.l fait of pohttri.il m lie* turn jumIihIh 
1>i| h' i*hio- 4», inHmmmi 1 V.l . * l, i Ji»l n tit.uwmru e. M I 1 

» 

luring two points on the winding lifted n lAtivelv tn the poks, i> 
requited a* in the contusions cnrient e.isp and the number nf mils 
is finite, the posit inn of these two points mi the rotating polygon 
it each instant has h> be farther <oiA>irlrM^!. 

When X is a whole number, as >o far assumed. 1 he polygon for the 
fundamental component K and abo for harmonic d«ms 

and is symmetrical- In tlus„c,v4- the lvM.I*.'* round the closed 
Circuit rxacfty balance fur each harmony, and although the K M.F. 
bet went two neutral hues «rf the held rtiMuut**s,‘there i*<io *inula! - 
mg nil rent round the a mature at ><> l«ad, and no uiieipiat division 
of the total urinalme current under load. In \h* lust position ot 
Fig. 88, i, with r«»il 1 on the neutral fine, u acids no K.M I’.. and the 
potential of jNiiuts A and !> on tjie winding abreast of the neutral 
line* ate respectively the same as the jHilrtifiah of lire points cl' 
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• 

and D’, being junction points of cods in the winding diametrically 
opposite tej each other. The voltage between A * and D' then grows 
just as the village letswn A and D, until the second position of 
Fig 88.1. H reached. when A * coincides with A and /)' with l\ after 
which itdec'laiK*s. Thus* for eaih polygon iVt* instantaneous voltage 



K*t wr? n tw«> neutral bro-s «ji WtAceri btiishr- o t rhi-non^s given 
FvMif pr^)'* tion of ,U^ upon tie- Vertical lime axis while A 'D 1 
i- pacing a«1fie.s the virtual fnun fir*t position m Jug. 90 to a 
similar p^nmn on the op|*r.ite side ol the \crtn a), when another 
similar *y\r coimticiiflt'v It i* in f fact a small piece ol ihe curve 
of Voltage Wtwedn two c oil-junctions fixed diametrically ctpposilr 
to each other in the windin'?. continually repeal nl. 'Hie ronjpiata 
instantaneous*volfage befwnm two neutral jiwVis the sum of the 
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projection* lAfi'B* far each polygon (fundamental and harmonics) 
upon the vertical‘tyne-axk AD. Thus the continuous series of 
values of the continuous-current E.M.F, ran be traced as each coil 
passes from the first position p» a third position •similar to the 
first, when a new roil coincides with neutral line A, and a cycle 
is complete. Fig 90 shows $ie fundamental polygon for the pre¬ 
ceding case of A' 4, when thus treated, and to dtmUt the scale the 
third'itarmmuc Jiolygw* •For tile latter the spyerj of rotation 
about the cifitr*- is, of course, jhn-e times (fiat >A tin- fundaiiirjUal. 

| 8. Tfce percentage fluAuatfan* of EJLP. It i\ however, 
the maximum and nnrjmiurrb total K.M.KA and the jxt cent age 
fluctuation on cither side of the m< an that the chief interest. 

For the total set offend* in one: pole-pitch of the standard reference 
field, iV hu rting x A' in (39) and (40) and remembering tliat 
fi **■ n/X, the impressions promotional to the minimum and 
maximum K.M.FYs become ri , s[>ectivrly - 
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, .* 1 ~ Sn 
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sin ^- v 
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slU 
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*n 


Stt 

is 


(41) 


(42) 


lu explanation of the ihsuppo.uamY nf ihc b trims. it should be 
noticed m t hr first ease that the tit>t ruil wtthr.»(l‘ I given their 
maximum values, i.e. b t -]■ b, -f b, j .... which must add tip 
to nought, since the origin of the t mve is the neutral line of zero 
lield ; .ill theot/lrl roils c.V rpt the IlCst either then givf ZefoK.M V. 
or can be |Kitred witli opposite signs, so that they laurel out. In 
the second case. ;ill"the b terms < a»tr| out in pails or are 7 »-io. 
Therefore. in either e.^e no b terms remain in the total F Sf F , 
whethd m iv» their ate such t*nn%m ||u* cm^jxnxents. 

t'nder load when t he % llu\ f . nrve is distoitvd. the jxrieni.ige 

f . ' max. nun. 

fluctuation on either side M the mean., or 100 

• i max. -f mm, 

calculated for increasing vahp> of 1.* tannvt be satisfactonly t8m- 
(Kir^l with the nsnlts of experiment, since m fact the bruslws must 
have appreciable *wullh of contact to carry yie hsul cfirrenl, atid 
each coil when shorf-circuitcd tv them is visually withdrawn from 
the circuit for a more or less prolonged time, with complex secondary 
effects objuring the simple Vast*. # Thy tftovc will, however, serve 
to show that when X is J5 or more, the fNet nation i> veiy small. 
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On no load, tht? Hurt uot ion on t'hhcr Mr W thr mean, 

f j ^ 

if. • if iiiily I he fmuUrmmtjl wore would bo 

max. •*- mm. ' 


3.V 

, . s n . 

1 " in ix 


f 


- 1;ur 


4.V 


hut * actually llit? is iji*ha>iil by •In- pirscni c. nf hutnmmo* 
and j! tlie h' hl In: trfcatdt*d u* loUipUtrly by the 

fundanu niul, ihud and fiffU ]j,u niouu's, u js. 


m' i ».(i -- 7 ,- 1 *■('. 'A) i« 

Mil 


zx 


* n >x 

mu 


2A 


(l • I <«« ut) ,* I M' 1 *jV I Sr 
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2* 
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Tin' piest-mv nf lijiiiitiniis may thru apjiin i.*bly imiease the 
fluctuation. Thus f«»i th« uu-]iAi«i /lux out* |iievjnu*fy assumed, 
1 hr addition <>i ihe thud and Jdili hatmoiiits with A’ 4 luise* 
I hr flint lutiMji h<>tu Tim jH i ien(. for tie- fundamental alone to 
us much a* 7J |N'i oent. in all. Vet win u thcnumlirr of rods «<t 
stators jkt p»Jr is nutilr A ■ IS, the flu* I nation above and lirlnW 
I ho average t b>r the same field unvi 1 [uiv.mrs -f I) 4ft per rent.. <>i 
less than 1 pet rent. , 


| 10. Tbi ciK of X * whole naobv • ft fraction. fVlim -V - o nui 

V 

4 vrtwk- Uuintri. U »* t valent tl».U r.i>ii path s%ill At tunes iwluik mu* 
more iml tii ah at other hinr*. .tint ihal it at any mum-nt tun- palli oiiIimVs 
more than Uli' ( iu r^i*, Us *oiuplt-mMilAry path Ituldilcs lm than I hr ii\rl- ik 1 • 
The \iin|ilr t.s^r.f A ■ .» uh^l> - | is Imt' koivsiflrrnl try iiw-aji* of 

fijt SH (nj and Fir ill for ,Y . 4 } t r. for H toils }>er |mlr |* 4 ir. A iv<l«* 
is »«»w cmnplHrd !<v an A»Ri)Ur im>vrinrnt -f n 'Z. soth.it llx* w<orn1 |*osi|i*»ti 
of QtiYinuim I; M J- is |!ivi‘ii l.i, 4 uiuviiiKtit tlil-nigh ft, 4 t of respond in^fy 
the fljji tuation is raij-. for lli>' |iiniU^(-iii,il alofM. a l» , 


I i un 


4X ^ 

, U <V 




™ m our tove 0 7<W i*-i *.eni , or iguth l*;*s than for the higher mnnler of 

X t S 

In <ontrait*tu TIm* cw of j M_ there are no i»n toil junrturn* in the 
wuwJirnf brutecn tthi. h then* u always' tbe Mf>n* Vol;*^ ai brtwreft the 
neutral line* * f f 

Itut now as win as ihr^wntaturc movS )>ast the 1st ] mm lion of I‘»r Hrt (»}, 
the cme path between .-I and /* include* ^ toil* or $ v«_tor», wlule »he torn* 
piemenury path ha» only 4. Coaac^uentK^a* the jwilyii^n ui Fift 9t rot atm 
about it* ctnlrf M (>, altba^R}* pn^etlion un the usual vertical lime-Au 
pmwmf thrmgh thaforntrr Will Rive the voltage belwecn rail'junction* and 
the end* ol complete on, the verUcal hoc upon which by projection u 
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measure* 1 the uhtttUuntou* H it F. U-tween the neutral Ijm* aiut be made 
to elide latkeenU ^ndi>rwMJ# airou tk crntrv, in comepoodence with the 
movement of the vectors. The rouge of the required moretnept of trutslatwo 
frtj cither *ulr of lie centre KrfTM|j(iruh in «;4, mi] one lipit ocirreaptjodiftg 
to ft lA am] maximum J\ M F. m *«how^i by At) in ttie right tiand jeulum of the 



diagram, Again owing to the |*<Jygon iJomiij^ three is tin orcuUung rurtent 
mi itu load of [umlanjeiit.il frequency. * % 

Ax regards the Uni and higher harmmucs of the (lux (Unr. # * dutinibuo 
must lie drawn between the cases of x smooth toothed armature, la 

the former mv with the winding ufotu 1 layer, tha spun of the culls may k 

exactly** pole pitch, so that r j I), and *,/ « cos a **■■* 1. In theae tir- 

cAiutancea there uagain no drculatutt current from the 3jd. Sth. and 7th 
harmonica if such are present In the flua-carve, the polygon for tha bit* 
mentioned bring a triangle twic< traced Bat II a 9th harmonic i* j ptmu t 
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ia Um fluM-curvr. the tunc principle »f comtmuum* choA that lbe jwlyfwi 
frtlucn to * dni|ht line which revolve* through ^cmle when tfn* imulurr 
mom throufh ft dfgrm. There it thus tm m> load a nnuliimf current 
having a IntjWDcy which it 9 tinir^ or 2.Y uinn that of the fundament*) 
tUF : it* direction round the closed circuit altrnutes. the )'.M K of 
erne or the uihrr half ul tin- winding ipfriuntlrrato^ under the action uf 
the 9th harmonic m the fluv curve. / * 

Hut if the armature l* toothed, the ijxut.rf the ^ab inu.M be a wholr mmdwi 
uf ftjotv say 4 bp l‘n?. the nupinpiin deviation from an exact 

pole-jutch wdl W half a slot -pitch, <»r r •■•♦"ill* S> far ft 1 ' Hie fundamental 
h M 1 c> ic.itci mi-d. tins will imply only a small reduction m U* value liut 
for the .Ini, 5th, and 7th J.urmrriici (he* reduction nn^r.iv* rapidly, until 

Anally, f«»r a 9th harmonic in the Aux curve, ■ cun a ^ >"• cos 90* *** 0, 

and no 1' M Jv from it is possible, Thus by the iu m-u erf (lie cod sj»au factor, 
harmonic.! uf the c-filers 9, 27, 45 . . , or of V,*' ;i.s", 5V, when- .S' lx the 
number uf slot*, are entirely suppressed m the f Ml. .end no *)fc ulatuiK 
current is presell l therefrom 


e 

| 11. The E.1LF. equation ol the oontinuom-cmrept hetoropoUr 

djTCJUDO. \Mun Mur if is rsluMt'hn) as hi $ H. that tin* amount 
iA fluctuation <d K. Mr. Int HUH Iwn jnoijls id l hr* HI ml I UK oil tin* 
hvUtrai lines of I 1 j < stain lard double pje-pihh i% ji'-rdWolf on Juki- 
load line! l)ti*]<*«d, fh»* simply- equation whnli In usually given lui 
thr K M F. i cjualieii i.f llic t outimioHs^ inirid dynamo ran hr 
logit ally dtslllted. * m 

Thr assumption that the' K.M.F UtHi-en tin 1 tw«« js<mls on tin* 
armature winding (hat at any immiriit an-c rossing tin* mulral lines 
of thr standard two-jx.h' held is < oust aid, s t * (hat ll^* insfajilaueotis 
and avi-rajC 1 ' values * oim Mr, i- iilrnl u a! with the supposition I hat ioi 
. , . / 
a finite value of 0 X, A *)s math- ilihmtrlv laigi* duel t . 
/ 

• ^ cniivspondmgly small, or mole sturdy that tin* ar mat nr« 

winding is distributed uniformly over the win dr double pih-jubh. 
and furthri th.lt I hr subdivisions to )>< i.msidiiyl air <.utird past 
iIn* stage rff roils nr so* ms down to rlum jifal pod ions of a i uriiT 


%mn .-iX M ""%v 


w k ri 

Jn thrs»* fiiiiirmtaiirrs m i xjni^i.tm (41) and (421, lor sin n 

• 1 * ' 

•it • H 2X ) 

nuv hr written**! =Ti. and both .- ami - - hrtomr 

»2A n ft 

2 1 

■' x * x «. 

KxpfrHiriits (41) anil (42) tfc‘‘fidoie beroim* irh*ntkal, and 
equal to 

V • 

jt.V < ur>y\ (*.,•.!, U.M.I ■■•••) 

Turning to the con,4Werat?on of the total flux of a pole-pitch, 
the area? cormprtmfing to the B romponents ajwajs cancel out 
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and add nothing the net flux. For each A component the area*, 
of (» - 1) half-waves in the single pole-pitch also cancel out, leaving 

l 2 4 

only - X - YLA m as the net addition to the actual flux of a 

W TT ^ 

pole-pitch. * 

Hence <J> 4 *-• * 'fl. [A\ 4 1 At d* \ A> +■ , . . ,) 

.n , , 

Let V^i k i } ? V-ll i ■ • - *'Wi I- i d» •» M* 'i • ■) 

where k‘ unly brcon*rS unity ui the ca*: of a hill-pitch Jr>op 


lor vslio I) ‘ k tn * ~ i os n t> ms O' 1 .- I, 'Him the maximum 

K.M.F. ktwirn the 1 wu punts ori the winding situated at any 
moment on the two neutral lines of the double poje-pitrh iwd as 
the standard of lefcn i^e, is - 


*’ k * q X (iO X Ili '* 


Hut tin* position of tin* points on the winding, wuh which the 
fcOMtivY am Tiu gat ive biUslus rc*|>eclively nuki contact anti bet urevu 
which the K M l*, of the continuous-*mtenl machine i^tohe found. 


nuiy iv>t hi', and in piactire seldom are, exactly xiiui ident with the 
neutral lines Wjirje tin* field Oiauges direction ; for during sh*ul- 
circuit under the hmdi the current jli a sntinn of a elided* 
circuit armature has its dirmion foiuhly changed, and this nay 
require the section to he moving in a mmihg (h id. after it has 
crossed the ueutial line. In whichever dirts lion the brushes are 
mo veil away from the unit ml lines, for the same total flux the 
H.K.K «te< lines as is shown hy a curve of the rise ami fall of the 
, potential mu h asd'ig. 89A. If this curve wvie a sine-curtc to which 
in fai t it approximates, tin* i llirt for a movement of the brushes 
through an angle of ^Mrctrical degicesnvould be giwti by multiply' 
ing the preceding, by a ieduction iiA tor cos X r But in 

gcnelal it may be grouped wilh A'lo<fonti a joirtf differential fa A or 
less than k\ s 

The K.M.F, of the continuous-cur rent ainutuie is then 

i: % -> Aj f kH, mm9 X x x rrty v lor" volts . . H$) 

Substituting for k if, i\pL, u\ terms of theYit&l flux 

A . K, . :M>. X“'X ^-X m-‘ (4*4) 

* t 

The algebraic sum of the liiws cut by an active conductor as the 
loop*of which it forms one sitlr pa&es from one jmilion of zero 
E.M.R to another is always equal to the amount of the flux which 
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is included within the loop when its axis wty right angles to the 
neutral plane, and this is k'Q+ When the-siting of the brushes 
dues not correspond with short-circuit of the Imp in this pisttion, 
the average fc.M.F, of a conductor is only proportumal in the nti 
flux included within a Wp at the mpmentM short -circuit, hurl her 
differential action then reduces th( average V. tH 1\ in pioporlion- 
ality with In practicp ihrVpan of the ilium coil is made 

so neatly equal to the pole-pilch lhai V ‘may lv :i*koit<d as unity, 
an*] further, the jni*f|jon of |ju< hnrd^'M -Jos<-lye*'ifisj*uids to short* 
unuit of the actions as tiny jvis> tin- neutral dines id the field, 
so that finally k 4( heconu-s vety mail) «cjual to unity. Inseiling 
2it h>r t], i-quations (43) and (43a) take the sipiphfi«d lomis (compare, 
filiations (4/1) and (4^)) 


* k. ... y ^ y- £; x ni>i. ,y ni 'v.Jiv 


(«) 


and m terms of the total flux of a fult-piir )j 

I 

width iu.iv be adopted as th* standard forms lor u-e m * out unions- 
uirrriit machinery cWign, although the possibility “) a reduction 
of mu»l he linT nr in mind . 1 • 

That j« rb*« tlv unifoim distribution of the winding nvn the whole 
jHi|e*pit«^i is in reality assumed h evident from the absence of any 
term defining flu* moment of time in a sectors ydr lhai is considered. 
When lie’ nuuiMr of sii tu.n> U large and their di-4nhu1ioii murid 
the jmipheiy of the aim?lurc suilVieidlv 'lose, the withdrawal 
• >r addilioii of i# ^-<1inujn i path as it rulers oi leaves ihecondition 
*4 short-eimjit iiinb i a brush, prodim-s a negligibly small effort 
on tlie total K.M.F. It is only in these ni.um'-l.wis thm the 
instant a Up->us t E,M.F. <4 a single stcfiori as il moves is afwjiys 
it pTi<lui> 4 »1 any one utoiiieiil by lire 11 M K <4 \ Mo tion occupying 
)i> mi« > essivr positions, ami the K.M F. <4 ^he arinatmo as ,< whole 
constant and mju.i 1 to the average. Strvllv shaking, 
ih 1 ' identity of the* average a^d insUnfcimoU'* KM FA call only 
be true d tin* niffiri>er rfl ms tois* vu-r<• iuimihly large, so that the 
moment * lmseir (««r consideration mnirateiinl. Kill with 

the comparatively Jaigc numbers lhat t* <m in pra< tin*, tin* pulsa- 
lion of the K.M.F. and cur rent “when the spo<d of r<d atioif is constant 
•is reduced to such a*maii anmuubihal it is Mily discernible by the 
ovillogr^ph or telephone. It fpav in fac.1 give rise to Ironlde by 
interfering with telephonic communication. • 

| 12. Oomptrim of the EJET eqoatksdi of the alternator end 
oootfamoue-otfrreDt marirtpe,— Tlu^ c<>tTesj*>ndt nee in the lot mol 

1 Cp. Piv S (\ Smithy Kntet Theory Pwgm of Conttnu'ntx twtunt 
Stmtktnt*, pp 6-5.^ 
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equation* (44) ^nd (44i) with the similar ones (or the heteropolar 
alternator (equations.38 and 38a Chapter IX, $ 12} is evident, 
and the latter may,* in (a* l. be employed as the general expressions 
to cover both alternators and nrfitmuouvcurnm machines. The 
form-factor k f (or the hittTuj>o)ur alternator disappears, or more 
strictly is not expressed since iv u unity, owing to the identity of 
the virtual and average values of an K M.F. which is constant, 

pM 

k 4 lias the s|ns‘ial value k dfl and • is tin- fririptiWy of the 


m 


rurmit in the armature crmchii tors before it is commuted, which 
is of im|>oiTaurc in (he cniitiiiimus-currejit dynamo from its hearing 
on the loss by hysterics in the core and by eddy-eurrents in the 
armature as a whole. The term -V,*, which was present in the 
alternating Iv.M F. njiutjnfi. now rlis.ipjn*ars, since in the continuous 
current rn.u June there is no division of the winding into different 
phases, while </. which in the alternator may Nr -* 1, must in the 
dosed circuit armature be 2 or a multiple of 2. 

It will £»utW In- evident that while m the aJlciuatot the K.MF. 
is thi* voltage induced behvrtn flint points in the u(rk/i'«g, t.r. in a 
certain portion or the whole of the'armature winding whatever 
the posit inn'Wfirh it <ni u]>i»-s at any moment with resjmt to the 
piles, tin- K M l ; . of i he rotdiiiUMiisH nr rent mat hiitc k (he voltage 
induced between points which an fixed with respect to the pole j, i.e. 
from the |im thin of th<- at mature winding which at any# moment 
occupies our and the same position in the tv ld system. The former 
alternates, but the latter j* continuous. 

When both aie present, as ill the rotary cnqveitei, the ratio of 
their magnitude is easily followed, when a siniisojd.il distiihntiou 
of field is assumed, and the number of (mis js large, When reduced 
to a Iwmpule form i>u a basis of 180* one pole-pitch, the r ontiim- 
t»tis-current voltage between brushes of opposite puJarity is repre¬ 
sented bv the vertical diameter of a circh^cp, Fig. 90 ^ l ; <»r any 

group of consecutive rojU n.vetiug an unde id % Indians. flu* K.M. F. 
is a maximum when the centremnst coir is opposite the centre of a 
|vile and its vrrbv pniaflrl to tiny vertical diameter, *■» that Ike 
projection tluimit of their elosin^ vector ft a maximum. The coils 
being closely distributed, i( the amplitude of (he F.M1\ from 
one elemental mil, by equation (32a) the maximum alternating 

* * y sin jf - 

K.M.I\ of the group of coils js iCV yr \ ~~ ---1 C 

jf, 4 * i 

and the voidtmmus-cuirent voltage in the m 
held is t<‘ x \ \ !Un 5“ ** “hie ratio of ftic two is therefore 

_ * * — ■*} TT 




7 T 

sinusoidal 
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For diametric tappings with any even nhmWi of slip-rings 
X - *nd the maximum alternating voltage hriwevn the tappings 
at the uppdtyr uuU of a diameter i* of course the sank* as the 
continuous-current voltage since It umu^whni the tappings rn«> 
the brush diameter. Tlu* virtual value ul the alternating vollagr 
E 

i* then E fk •- --** 0-707 A' <n 

• * 2tr* * 

It theft* air -V shp-tmgs. .iiul l«it v>?nn any pair of 

> ** 

adjacent tapping |>.»inlthe laUo of the xirlu.d value of the 

... , * fr \ 

alteriiatiur Vintage to the vciitiitiioiiN. a uni-til voltage is . . 

" \ 

| 13. The voltage between adjacent commutator sectors and 
adjacent ooil-tidee. It \\ W the voltage hftwn/i udja’iht m-i> <>t 

hru , 'lus of opjkisite jk.)ari1\ , then since their are t -/* ionium- 
tat or sectors helween tin- brushes, it follows iTiat the a\rtage 
differ ... jMfinlM] hetWi*fji allV two adj.l* ml is 

\\ 2p . l\ * 

yr- t :. r ;—. „ Hut it has bon shi«wn*iluit a higher pi*#.xtiinti nt 

{ Zp L * ^ 

the volts is generated irtthi- n »tlons of ihe uindimi tind« i the piles, 
am! rYrii heje it iiuy vary greatly when tin thix-t m vd is d Is tolled 
unde! load, if tlu llnx-cuiVe w« re syimnetinal and 1 Tie rise find tall 
of potential xvrte strictly sinusoidal, the maximum voltage between 


n . p . Y 

"ir 


Roughly sjH^ikmg, if may he irkohrd that the 


maximum di/feren< e of pifenlial will he ahum 1-5 


+P ■ K 


while tin* axviagr difference 2 p . I\Y.' in ordinal\ dvnamos ranges 
from about 2 (<* 10 volts, and should not rxM-ed. say, 15 x«4ts, vt 
20 volts al dtht- most. « 

Figs, 84 and 85, typieal r>f the two forjps of drum winding* 
stive also to sluiW that in either form ihe difference of poten¬ 
tial bet wet it adjacent rnj|-shh*sleast m*h r lb' 1 < riitfr of a pole, 
and theikfe ris<.-s tfl a maximum fu-twerii each pair of adjacent 
coil-sides situated .on or near to lhc»Miamrtcj of < onmmlatioti. 
The difference here ^mounts to as much as the full F.M F of file 
machine, fur it will he seen that the two short-c it cuifVd loops, 
1*8 and which «try at opposite potential*, one being under 

the positive and the other under the negative brush, an-' ontiguoiis 
to one another ; and similarly, between the shotf-cirruited )■*>)* and 
the neighbouring loops on either Jjile the pressure of nearly the full 
voltage of the machine exists. 

| 11 Heart ty tor tyul rrtitaon god *ma»etry hi *ch«oott 
cl the doiMrfrt muttm." In a ch*ed-Hrrmt winding without 
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external load if'lhe * sum of all the E.M.F/j» induced m the coils 
right round (hr rinit Is Zero at every instant, of course no current 
timtUln round it, and it is immaterial whether the'component 
E,M,J\\ Mimmiil up Ifrt^raili jxflc-pitrh separately are equal, or 
if (liffiimt, h«»w rjn-y mo di>tfibutid, or whrtlnf tin- i(i«i < itaiias 
of each i oil ;n< alike, Jjut agouti a> an external <it* ml is apphi-d 
either at lixi-d points «<1 jh«: wmdivg t»y iiiiaiw of slip-rim's or at 
points fixid i (Lit iVely to tin p.ib^ hy juruiii of lifiJshes Slid Mritmm- 

liiloj, flii-st* questions he*.. f*f vitqt imjiuf taurr. Di-aJmg mure 

jmi! iiul.n ly with* the J.itter oi the emitimioiis-i titrent < .er, tln- 
slatiounty external < ir* uit*i> brought into < ont.v t with tie 1 ai mat me 
winding at <r points of %l [H.hhiid and a points of - potential. No 
adjustriMit id tins** jHimts can lu? made to meet any temporary 
inequality <*1 the resist,mi e ot ilu* parallel pallia, stieli as might he 
possible ill the st.itte r a>e oi a number of batteries joined in [Mirabel 
so as to supply 1111 lent to ;m r xtental « m int ; for the a< Inal coils 
of the ai mat 111 e us it rotates are piogiessively parsing from one 
parallel i*th tb another*. 

The first requisite, f brief ole, is complete 1 quality hi the ti^blancr' 
oi each anr] every enil in older to -smile permanent i quality in 
the. resistances id llu paialbl pat h r If al any nmm.iit thru 
resistances r { , r t . . . ate unequal, and the inteip.il K M F.'i 

induced in eai h branch air equal, then as soon as the external 
circuit Is 1 Inset 1 . Siller the hmdl Voltage must be lliHsimr for 
all brain In s « 


is c 


i,n 


r\ 


/•: 


ij r p vir.. 


whelii 


The total ann.it me iiiiieut / 4 will ihciefnu: be 


divided unequally among the blanches in inverse probation to 
tiled lesi-diiiuvv Although jierhajis imt siitlicient Jo cause serious 
overheating, sniiit waste of j*>wrt must Jesuit, since /Uv sum of 


H+i etc., must necessarily exceed the possible minimum 

loss for equal division of the eutrfnt, Juu li coil must there¬ 


fore consist of flu*saiiu*#uiruber turns or with llu: sapie 

resistance and wound similarly*; # ttfry *u«st ;d! be symmetrical 
relatively to the avis radially and circumferentially. 

There is still another prof*rty besides their resistance in which 
the separate sections shouM Ik* piocisely alifcc, and this is their 
inductance. During the rapid change \l the direction of the curreiK 
in the short-circuited coils, the ipductanceVhidi Ju£ alftsuly l>een 
dcscrilxnl in con neat ion with alternating currents also edmes Into 
play. and. as will lie i\plamed in* Chapter X>f, upon this depends 
to a great extent (he exact |kisition at which the brushes should be 
set as to short-circuit the c&ils at 4 the a right moment. Since the 
brushes can only l* adjured to suit the ^verag* coil, it is very 
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important that the divergence of any scctioa frojq the average in 
bqjh resistance and inductance should be a* small as possible. 

The first requirement is easily obtained in tta niidcni onib or 
bar-wound dftirn armature with .winding in tw» layrts, ami only 
slightly less* |kt((V|Iv when time ipiv b*ii m nmiv !a\Vf\ Tlic 
vi iind requirement is le-v. strictly fit'lilhd w)\vn t aV is often the case, 
the number of coils, r, group'd m a slut k two or more. Jhif the 
required symmetry '•till holds for the groups ;h a whole, and each 
grrqip mav be treated as a pint, having the same resistance and 
Yielding the stine vistor »-f P M K. .* every otlmf unit undt i like 
ionditiori\ 

| 15. Equality of EJLF.’s in tha paths in parallel. Any 

inequality in the total flux of one y* de-pit eh, oj difference iq its dis¬ 
tribution, avcompared with that of other p de-pit chi-*, can only be 
duo to iatm-s which must fi.r our present pm*mss* be regarded as 
abnormal. S»uic of the dwulvantagi-oils <ousrqm-iieos arising 
therefrom will In* traced in Chapter XH t J 1. and the Note added 
to that Chapter. 

'Hie sob-condition that must 1 h fulfill'd tot-iiMuc that no parasili* 
current circulates round tli< dosed winding of tb<* annatuie on no 
fo.id, and that anv load current divides equally belwivu the paths 
placed in pu.iHef by the brushes is that the Mini of fin- K.M.F.’s 
induced bi twis-n 1 woadja< r ut brush emita-t pants is at any instant 
the sinie^whi' In-vei way lomid the < dosed i ii< mi tin- K.M Iv’s ate 
summed. Tlie maximum K.M.F. <d *atli linh' unit gimip of c 
etiib in a slot < an be found vm lotiallv and their joint vector floated 
as equix alftit to tin vertm .of a toil; a> > "iMdi i.-d in t§ 8 and 10. 
With the Mibstitutioh -d S. the number -d dots. f,,i C, the number 
of <olb. the results id lh«'Se s«i (jolts h‘<h| <«MUtilig I hell f quality 
of thi' resist am <s of the several unils and that rh< same K.MK. 
is induced in e^ h for similar positions irlativelv lo pdes of‘(he 
Siime sign, jj now appals that, so far at hast as’the fundamental, 
K M F. is concerned, the iibove-mentjmi< «l» oiehin.n i • aut>nuifutiUy 
^pun-d, when, as in practice i- tin- i ase, the dots are pin led at 
uniform distances ajArt round tfe- entile«;*rmatun pnpheiy, and 
alt are equally filhrl. * 9 * 

lastly, wlien V is substituted fm it iullows that in ord'-i jo 
hunt I hr fluctuation of voltage, tli* J nuniNr jh-t p*1e, Sf2f> t must 
itself not be red need *l)e!ow son#' rniuimhm vahieMuaiogotjs to that 
,-#ready named for C.Qp. Irfptactg •• $, k 2p should not lx* allows) 
to fall brMhv 10 in smurf machine^ or IS in mat Juries of moderate 
and Urgi* size. 
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t iosMm jin i;nr AHiiA ti'kK winding {coniinutJ} 

I'AHJ Nl ASli J)Lk:VAUVf MviJIiNllS 

rt 

| 1. Inequality of the EJEF.’s In the Up-wound muWpoUr. 

In lli#* l.ipw>Mid icuilfifW»Ltr since the alternate vis r>f brushes 
are cniinuclfii tugrthc*, the commutator actors or points in the 
winding with wltuh ra*h joint of brushes of the same sign at 
any moment makes contact should be at prwivdy the same poten¬ 
tial, amt the Mine ;iNi applies in a lesser degree to the w;iVt'*Hounil 
mulhjxTu when as many seK of brushes ate employed as then* 
41 r JNihrs. 

As a matter of but in the Up-Wound nmhij’oiar it U nut easy to 
secure absolute w.|u.diiy of Uir IvM.I'Vs of the different branches 
which ate in paiaUd. owAig to slight different'r> ii| tile |*n usability 
of the srvn,d magnetic < iimils nr bfthr armature not N*ing exactly 
in the centre of the bore, I tie consequent <*s ariang theiettorn will, 
thi'iefoie, now be tiaecd. 

fn the lap-wound nmltijioUr drum, r.o li branch of the at mature 
winding between a pair of adjacent blushes is acted vn by two 
adjacent poles. Sup|M>-*> now that fnr # viiiti* re.i^.n the flux from 
one jKile and into the halves ol adjacent jmlrs is less than the 
normal owing to the pole not Uin^as jtcrmrahle as the others, 
or owing to the length of its air gap U ing greater. The effect on 
the urtnatme currents is most simply studied by assuming an equal 
flux horn ot into cadi pole, .md ujun this supc raising a local flux 
in Mich amount and duett loll as to give the actual distribution 
of flux ill the teal case. I he equal E W F-'s due lathe assumed 
equal fluxes, together wall) the terminal volt ago and the external 
cur lent Ihcreftom may then W mentally dismissed, ami Attention 
directed at lirst solely p> the E.M*F/s and current due to the super- 
|Kwed flux. It will be found in all suchV^ses that between brushes 
ot the same sign which should Nr at the $a*u» potential, an EJJ Y. 
is set up by the local flux. The guiding principle must then be 
as follows--since the brushes of tit* same sign are in reality joined 
by short "Circuiting connection* of practically tero resistance, such 
local currents must flow as wiU exactly al*orb the focal EiC.F.\ 
and again leave no difference ot potential between brushes of the 
same sign. Finally. under load l he focal currents arc to be combined 
with art equal division of the load current to obtain the actual 
currents in each branch of the armature winding. Jhu.% in Fig. 
109m let the steel casting- of ipt upper N. pole of a 5-pole magnet 

234 
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have a concealed cavity within it, by reasofc if which the flux * 
if reduced below the normal The imaginag' |pral flux if. then 
directed as shown, causing E M K.'s and brush potentials as shown 
in Fig. 1096. The shading of! of th* lines i> m simplicity neglected, 
and each active bar is credited with an K.jf.F. of 1 volt. J*t the 
resistance of each branch of the at mat uie winding be ti'UKO ohm, 
and of rach bru-h set be ,V.th of t^is amount 1.H tin* vhoif ciiant¬ 
ing brush come- lions of 2cr »> resistance nbw Ik* applied. the system 



*V 

a Bujwpo^d flux. b EM P i du« thirty r Corr^nu rfu* iij*r»lo 



</ 8y»icw of f Conaisimn.p wi\h 

vurrenU l*. mnciklt 


l*i<i K M l : ’% *ud division *.f < intent *bic m 'West. 

• in tmr of a finite |,i;i wi*nti<| in.* June. 

• • 

nf local equalizing iui rents shown in Fig. J09t and J will then 
iiyadl from the E.M.F.'s of Ftg. lt>96, and once again all brushes 
of the same sign are brought to tip simp pd^ntial.. The difference 
between the potentials o*,*thr two’brush sets (2| volts) is m the 
» reverse sense to the normal, and coin^mds to the lower terminal 
voltage arising from the cavity The currents due thereto would 
then be as shown in Fig. 109k/, <fui the extra Irrvs over the armature 
* r&stance, apart from•!he extra over the brushy, would lie 
430 watts, cofhpared \.-ith a nqjrnat loss at 540 amperes of 
0'053U 

540 1 x ——— m 2o90 watts. Actually certain x<ondajyre.nlions 

o • 

from the armature ampere-turns yry greatly check any Much 
unequal division of current wind unequal pok-streogths. The 
rneeham&m by which this reduction is automatically effected in the 
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4 Up-wound jnuJtipgUV u explained in detail in a note to the present 
Chapter. 

f t» Eqnaflring oountotkm. -It will be scin that in such a'case 
m the preceding the e44alixmg*cujTenU flow through the brushes. 
But this could be very Ergely prevented it the difference uf pressure 
w*a» equalised by (hr addition oI a Milrsphary v! oh ro^Aonmitum'* 
unahjgou'i to tin- :>tatioii.if y l nnliei liuii-* o( the bru>h«~* and coupling 
up pofntt m the winding <*i «>n the « uiuimitator, wluijishould 1 m: at 
I lie vimft p*it**ntUl. but of lower h-d^tain r than the brush corner - 

H«n« whit'll inuhlrtit.illv serve tin- Mine piiq-ea* No si-tv Luge 

mifiiUi of Mil'll rtftmltzinx am« 
nml be applied, and 
usually in pr«ulit i: «>niy almui 
b to It) flints in i vri y pole-pair 
.ur t onm-cted to u> many rings. 

or, s»iy„ i »ii*- ting for r\riy R to 
It) sei torv l In* pirn* ipli: is 
stiowti dia^.mmiatl* ally in 
Fig llo, where in a tv polo 
‘umi him* font simitai points in 
the winding in rath double 
polr<-piU h are tonnrctrd bi 4 
rings; e.uh ling i% th.-H-fme 
(onnt'iled i<* Hum point*. in 
the winding situated at equal 

l io 110. 1 i|ii.(1i(i(iK Mmni'Uiiiiiv. * . ’jftiO' 

angles of 1211* apart. 

P 

The couriertinns rnav lx* marie to romiudtator Sectors at the 
back of the commutator, but more commonly they an* lapjvrl 
off from the winding juNipcr at the hack of the at mature (i/>. Figs. 
.Itta and ll*»). It must !«• i brlv understood tliat thry.in no wav 
prevent the evil of unequal K.M I'Vs in .the different branches of 
the armulure. but owing to their low resistance as compared with 
that of the brushes they pr;ioiu\dlv’short-circuit itir alternative* 
]Kith offered by thr corviri ling lead tatween the brushes of the some 
sign. The excess current of any ^IronJ^ braht h is thus shunted 
tlirough the auxiliary bv-ftlv*, and does not have to pa^s through 
the brushes where it increases Ihc difficulty uf commutation. The 
currents in the equalding conne<ie»ons alternate, and sinre their 
flow implies a certain krw of watts, the u«* of equalises docs not 
remove the necessity fur great rare in the Ventring and ** ekclrknl 
balancing " of the' armature in multipolar fields. (Chapter XV. 

U and 15.) 

In ord?r that eqiuluing connections may be legitimately added 
to an armature, it is evident that binder normal conditions when 
there is no magnetic reason fyr unequal E.M.F/s, points of equal 
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potential must exist in the winding which may he joined together * 
without any curmit passing through the connect ion. The sum 
of the E.M.F/s between a pair or between two groups of such 
points must be“ iero. The possibility of points which slhctlv 
fulfil this condition existing in a winding turns upon the question 
of whether after the rise or fall of the E K F. h is lx*en traced 
through M>nir portion of the vending, rxidly the simr rise or 
fall is (oiuxl *«i “repeat/* .is will lx* etpl.Hiied*in the following 
paragraphs. t 

f S. Hie oondibont under which r^etifcooi of the BJLF. ariae. - 
A coil-side A situated at any moment at jvirlicul.tr spot on an 
armature relatively to a |*4e of, say. N. sign genet .»ti*v a cetUin 
instantaneous E.MF. II on the Mine armature there is A the 
same instant another ‘oil-side A* occupying a j»rrr»iwly identical 
position relatively to another pole of the same >ign, it must also 
generate the vinie iitstantamsiiis EM l'.. the a gumption being, of 
course, made that in the mnltij>il,»r machine every pair of 
vu-hU a Jinx equal in amount and similar in distribution 

It is furthe] ilje i .in' Iii.it in all winding 1 ' smli as are employed 
with «]'wd*<mu)t armatures, which are m«s haiucally svmmriricnl 
aIKt rl>M: naturally (if. Without ahV IMrgullf « inflection causing 
what m.iv t>r termed fon ible < insure), the span of the coils is uniform 
and their i onm-t 1 ions are marie after a uniform law, it the hack 
and front fitches of the rods are the Mine throughout the whole 
winding or winding. In jhfvr t m unistanees, when th<* winding 
is followed through, the coil-side It nojt in swcession io coil-side A 
will generate an mst.<nt;mrvjtK E M l*\ whi« h will In* the same as 
that of coil-side U' next in suicession in A'. Smnlaily the 
third coil-suh's (' and C must generate »hr vimr instantaneous 
E MF, and vm.ji From the given suiting-pi lints 1 lien the gradual 
Mm)iiMti<>n#>f tin KM F/s will proceed equally until in each rave , 
as wr trace «*it the winding, we reach either the original starting- . 
point A or another ioil-side A* in the suing winding (h copying 
at* tlie same instant identically the same position as A, hut 
rditivi'iy to another pole of t fee ^ same sign, when the prurrvi 
logins again. # 

» Pi weeding from position of tern F, in a coil anti fracing 

the winding until if has crept past*a ch»uble pole-pitch, the first 
result is a rise of th<? induced E lf F.. say, in a positive maximum e, 
when one pple^iitch hJt> been crept*through ; thenceforward the 
sign changes and a negative induard E M I*, rises to a maximum 
- r,\ As further explained in S 8, the possibility ‘of some incqualil y 
beiw-een the twq E.rf.F.’s must be considered as the general caw, 
and from the difference, if any, i.e. frogi *j - #/ will arise a circulating 
current, alternating in direct iowound the closed circuit as rotation 
proceeds and the second part of the winding 'assumes the same 
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portion relatively to the second pole-pitch that the first part had 
initially to the first ,pole*prtch. It must now be noted that a*soon 
a* a point of repetition of E.M.F. is reached in the winding, exactly 
the same circulating Jurrent tfdi be carried on through the next 
stage and an on, tmtfl the ring d/es, and whether each stage 
corresponds to one o* to more [talc-pair*, the magnitude and direc¬ 
tum q! the current will lie just such that the volts lost in its passage 
over the ohmic VcMslanre exactly absorb the differences Cj-a/, 
and leave the points marking-the termination of stages at pretittly 
the same potcilful. Tims if l^-twcen any pairs of points the same 
E.M F.S r,-V are induced,*these t*>ints will remain at the same 
potential, whether or no there Ik; any circulating current nr its 
cqqivdrnt, an unequal divisum of the armature current under load. 
There arA thgp fxunts of equal potential in the winding which 
may be legitimately joined by cquipotential connections. When 
so joined, no current will flow through the connecting leads, unless 
there l»c inequalities in the pole-strengths, from the effects of which 
on thi? brushes it is the function of the cquipotenti.il connections 
when acting as equalizers to protect the machine. 

If, therefore, out of the p points on a multipolar armature which 
ul uny instant may be similarly situated relatively to poles of the 
Mine sign, the nuintxir /arc, in fact, act upied by coil-sides, equalizer 
connections heroine legitimate, and each such connection may 
join l oget lu;r / cm responding points, and must join them if it is 
required to load all the/pairs of armature paths equally from slip 
lings. The rquipntrnlial pitch or (he distance on t]io armature 
which separates one point from the next successive jicwnt of equal 
jHMrhli.il. when measured in cnil-sules or elements, will be Ujf, 
and when measured in < oils or sectors will be ('If. 

\ 1. The cut of (lit (lotted armature. —In the above general 
- statement of tfie circumstances under which it* becomes possible 
to divide an armature winding into tww or mote portions which 
at every instant givtran E.M.F. equal in amount and in phase, no 
specific mention has been made ol the slotted armature. When the 
armature of a multipolar m>u;hitie is slotted, there will not “Ik/ 
points which at any instant arc similartJS’tuatcd relatively tu poles 
of the same sign, unless tlf&e are/slots so si(TF£,*cd, In order that* 
there may be slots occupytflg at one infant similar positions 
relatively to poles of the sanw sigb, 5 and p must have a comxqon 
factor / > I. When S is prime to p. ther6 are no two slots which 
at any given moment have the required similar positions. 

The st>le condition then for repetitions of«E.M.F. and for the 
legitimacy of equipotentud connections in t slotted armature as 
normally constructed b a common factor /> I between 5 and p, 
and it is the importance of this factor in the cjisc of the slotted 
armature which was first brought out by Dr, S. P. Smith in hit 
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paper on M The Theory of Armature Windings 4 The pole-pairs 
mre then divisible into / groups of pjf — p* pole-pair* ; the dots 
are similarly divisible into / group* of 5//V S' dots, and the two 
sets of groups exactly correspond to one « not her. The number 
of slots which at any instant occupy exactly the same positions 
relatively to piles of tlie same sign i*^. Th^ granted, it follows 
that in each of the / shits there * a coil-side occupying the # same 
position withir. the slot, since all slots in the assumed regular winding 
are equally filled. There are. therefore, / toil-sidc*s fulfil]wig ihc 
conditions of § 3. and the equipjtortti.il pilJt measured nt slots 
becomes >// If, as is the case in pact ice, .> exot-ds p t the H.C.F. 
/ bet turn V and p may lie equal to p, but this is its maximum 
Value. 

All shitted armatuie* can thus be divided in* 1 two ilasvs, 
according to whether .V has not or has a factor loinmon to p anti 
higher than unity. In the former class shown on the left-hand 
side of Table V f<«r pdr-piirs up to 12 in iiuiiiIhu iheie are no 
re]N a tition> of K.M.K. ; but afmatures tj>e latter tlav., shown 
on the right-hand ado, p>VH*s>Jhue punts of cqu.il pjlctili.il, give 
one oi muir i*ptitii-n-t*f the same K.M.hYs nmnd tlie«losrd < in nil 
or "units, and admit oi equalizing ci*musUoii,. 

| 5. The distinction between pared tod darintirc machines. - 
The genrr.d statements <d kl d ami 4 have made no definite reference’ 
to the nat»;i«* of the winding "f the armature, Indrtgl they have 
been fra nut t to .ipjjv i-qu.dly to windings burning a single <loscd 
hdix c*r tivo.or more indrjkndeiit hcliQ-s, and in mi h < ase whethci 
Up or wave-wound. T hey therefore require to lx: supplemented 
by a further consideration of the actual circumstances of each 
class of winding. 

In this connection it will be found that many interesting pouts 
in the natun* of multipiUr arm.it me winding* are y ndered clearer 
by consict rmft whether t tarry can 1*; reduud to a simpler f<irm by 
the process of removing one or more sets of pfe-paiis and Ihc same 
nulnUr of repeals of the armature winding until there is left a 
maiflinc whuh may t>e rcjgardcft yulu.dly* a» Hie unit by the 
multiplication of which i\«> actual machine is obtained. 

* The first requisite vvill be a knowledge"!! the " parent ” or original 
lyjxs which cannot b: reduced by tW abovcdwcriUd proccw to 
a ry "thing simpler. * 

In ihc multipolar machine repetition of E.BI.F. has been shown 
in J 4 to wise from the multiplication of an original number of 
slots -S' with their v^esponding^oU-positions within them, and 
an original nutrJrcr <JI pole-pairs p\ so that S ** fS’ and p **ff\ 
while c =* t' remains unchanged ; and this suggests what rt in fact 
the case that<hc jnachiips tabulated on the left-hand side of Table V 

• y<i*r*./.£.£„ Vol.SS,p. ta. 
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furnish the parent number* of slot* and pole-pain from which 
other machine* (tabulated on the right-hand side) can be derived 
by the convene pfocrat* of cutting the originals through to the 
centre, inserting one 1 more iMdiiional >ets <4 p" pole-pairs (each 
Vrt being equal in nuinber to the original set) and connecting in 
a ciisrrqx Hiding nun*her of cX.uJ rrpals ■ >( tin- original armature 
winding- l.vriy tune that 1 lie sa(uc system »f ruiidu< tor* occupying 
slot |K/sitiojin similarly shu.itcd relatively to |n>L** of the same 
sign is h*|tiMti-d, their will lx an exaj t repetition of the instantaneous 
K M !', of the'hiigma) wi(filing in tin; repeat winding. Whatever 
thr *oin|H.n»iii KM FS or resultant KM l\ as a whole induced 
IxtWeeU the seVeiei| ends of any <1-nlimh.il> length of copper til 
the winding, ii fnllows fii>ni tlie lutuir of the multiplying 

process that must \tr a i om-spn ruling length of t.»p;**r and a 

loirrspomlmg K.M I', oi K.M.I'Y* in thr: tit si «»f any nuiiiU*r of 
sets of ie|HMt *i*\U. If. therefore, the mulliphr.il ion is rallied out 
/ times, th.it if / - 1 sets of p‘ |*ilr'paii> and / - 1 icpr.il> of the 
wmdui; ait* instated.* then in the dmvvd maehme the KM.lv, 
whalevei it may U\ wlih h i> induced in e.w h j^.i tion into whiih 
the original winding )us 1 h*c» severed, must le-iNiui / I time', 
w that there ate m all / or aw retires id it*; and .my/< orics^'iiding 
points of the complete winding may U» joined t-.gerli.-i hy an 
equalize! loimeitmu as tiring points of equal potential. 


HlhilAR pARl-sr Yvpkh ' 

I 8, Thf two-pole perent machine^ Hie i^-nlial i)mi* trust ic 

of the two jhjU* machine, whether lap or wave-wound, is that m 
must lx a whole number. 

With any nmnUr bf sectors cS' *•.> where n x and n t are 
. any whole nuniln-ts, let the winding lx* tiaecd.lhrm^h. starting 
from one Mile of a coil, the axis of which stands at right angles to 
the neutral plane of if ro field, anti being careful to follow* the winding 
in the direction of the KM F , i t. from a negative brush. Thus 
in Fig, W the sttrt may be madevither from sector I down cleft tent 
1 and so on, or from set tor 2 down elrnttat 8. 4ny little K.M F.V in 
these two elements being Oa Liner d and in tlWvtnv' direction away 4 
from the observer. Or in fig .’85 the shut m?y Ur made either from 
sector 5 through elements t> ami 18 m which the EJI.F.’s ^re 
balanced on to element 7, or •from section^ down clef went 16 and 
up 9 to element 2. The oiily»reason for' so choosing the start is 
that in this way the result is the g^uhi^i attainment of the 
EJif.F. r t in its entirety, followed in priJper joquemv by the 
whole of - It has already Iwn shown in $ 10 of Chapter X that, 
though in the toothed 2-pole drum there can be no circulating 
current, Mich a current will npse in the smooth-core armature with 
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an uneven number of slots S' if there are hatnwaic? in the flux- 
ciirv^ ol the order S' or any multiple thereof. Undp* load condii iom 
the complex processes of commutation may also affect the above 
statement, so tint as already mentioned d fome difference 
be assumed ns the general case, there will ,iri£r a rirculai ing current, 
passing through a cycle of values at a frequency considerably 
greater than the fundamental frytpunA. Hut when the voltage 
absorbs I by lip ohmic resistance in rrLi'iim'lo this current isVtken 
into Account as a negative KMT\, the sum of the K.M.bYs is 
rendered exactly zero ; in fad tnc c^cuh of the armhture is closed 
at the pant reaches! at the end id lh£ tracing-out process, and the 
orcnl.mng ament or its equivalent, the mutual division o! an 
at mature 1* >.iil current, absorbs at any instant any difference between 

f i ,ni1 'i '• - 

Lap and wave-winding will now in turn l*v conriilerrd sepuatrly, 
although it will 1 h- seen later that there is but little eleitiual dis¬ 
tinction iH’tween them in their two-pdr application which is alone 
now under cnnsidi-ratiori « 

• 

• A. Iwfr-WttfDING 

| 7. (1 a) fn I I. f an additioml pile-pair aru) a tejvat 
of the winding now l* 1 incited and joined up as shown in Fig. #f>. 
Starting h«»?i\ x*i t.u l as tvfore, and in the same direction, we again 
obtain Cj. Slid at the further end the onginal winding will take in 
pillion* iif ih«- inerted willing up to sretm 9, which being sirndaily 
situate.I will again*«ouipleli* the K M F. • </. The remainder of 
the inserted winding will in Mnn b- completed by linking Up with 
the portions of the iulgin.d winding *> far left out, and will yield 
a xs olid and rx.u tlv equal t x - c t \ Hence brushes on the column- 
tutor at l and 9 mav l>e joined in piir.illei, as being stric tly at the 
Mine potci^iat, the rotating punts 1 and 9 of the winding irfliy 
be joined bv an etpialifer connection as st rutty equipment ial 
punts; and the Mine holds for other mirespmdmg intermediate 
points in the winding or for the intermediate pair of commutator 
hnutics of opposite >ign. As already state'J, tbe-pissible present e 
of au alternating fiirrejp?.* circulating at some frequency higher 
♦ than the fundunrftUJ-round the tb^d wmiding will nol in any way 
affect the equality yf pitential of the al>ovc-<lescrit>cd punts. 
Its continuance round the cnUifted circle of the winding is exactly 
rompemvit«! at each if*>tant by the«einncwc of the same differ' 
ence q-q, and the sdme ohmic Joss under the second pair of 
pnh*. , . 

The same pf^ccs*«may again be repeated by tlrc addition of 
another p»lt-p\ir , since in the first ^nrtance the original Minding, 
after crossing the double pole-pitch ooce, returned lo its rtriginal 
starting-point, no change is caused by the insert ion of either one 
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or more repels. - Th every case there results a single closed helix* 
which also lollops once from the tact that y t «= m *■ 1 ha^been 
kept unclianged, and this can have no common factor higher than 
unity with the new I lumber l o! sectors C «• pcS*> The derived 
machine is the,simplex lap-wound multipolar with a ^ p, and it 
is seen that it is iht\ parent two-pule machine multiplied f times. 
'Ihe number of slots in tile derived machine being *S ^ pS\ the 
It.Cfl, of S and p is / p, and there are p repetition* of the E.M.F. 

the slot p^itinns al any njofm-nt in one double pole^>itch 
lining exactly legated trMrv^ry other double ]xtb: 'pitch. 

Thus any simplex iip-wthind multipolar (y t « 1) which has 
a number of slots .V exactly divisible by the number of pole-pairs 
(i.e. £ <•* £$') is a ftfrrriv.itivrr from a parent 2*jxile Lip-wound machine 
hading the s q mc value of c and S' slots. 1 he equip itinti.il pitch 
measured in sliils is y^ *■■■ S 4 ~ Sjp, and in roils t»r commutator 
sccrlois is cS* ia» (,/p, or m elements is Ufp* The rmmU-r of |*iints 
at any given potential feaches the maximum value p. and in all 
of thev atiya qu.dt/er- onuf iirm will be at tat le d. as in Pig, 110. 

| 8. m - l tun ft oomcion factor with *v gntfai thsn anjty. N>xt 
let I he uimimitator jnlih of the original 2*|»tle Up wound m.u him* U m- n-.twt 
tu y f ~ m - I, fyi th.it thr winding uviltipht, a' »»/•' m Iv-tug 

a whole number. 2 or mom. 

{M) First Im t m *1 lx* ii f* |nf m (/ rS‘. Then m th-- pu-i.f ni 4 «hiiiJ» 
there are w* independent heller*. mtr-fh-aved Irtwreii i-nr am-ther. r.u h of 
which, i filjiiitrrnl by itself, will follow ri.w Hv thr v.tme laws .q th*- slnlph-X 
winding n( cajt (l«) For evrrv pile jxur .uni isimlirix; m« r»»-»1 Hu n- must 
t** n trjNrhtnm of thr I..M F of ihe first tietix^u tu u p it, .uni d thr V. M K. 
of tUr* wmtul twhx in its repeal. amt *«* mv ilirri" ;u.> ihi irh-o- ,it a»iv 
11 IS Lint /■ rrj«rt it lolls of | M F VI *-4*'h of tiie m ilich'f ■'U 1 Ullt • he tii es of tie- 
derived rn.u hi nr ‘lhe eipn potential ptUli* .is UfiH 1 ItuL it nuv tx .vked 
whether there is any ex Art rrpelUmu of thr J-lifF. of one of iU»- original 
liclurs hv that of Ann I her. or m Mir detiveil multip.Ut m.i. Iinir U-tweru 
|M>rliotis or thr whole tif the im1r|»rrnjriit hr lu rs, Sino- f..r a«v -*(ir j-nitiori 
of a coii ini© in A slot mftl relatively, wv. lo N julrs, *11 I hr p i * •rre*|'» induig 
pi Mil* utr nt < upied by tme hrhx, lint can .u once In- answered m the negative. 

* Fipialtrer cntuiBctiotl-i in i]m> drovetl mnlti]>ilar therefore i.uf->iily umiutt 
foltit* m e<uh of iho winiJmx» imirfBtnlemlyA-* condition*whi< h i* auI*v 
niAtU Ally i nr«l for hy ihe use of Urn formul.v for ttv npiifsitcntiAl jstcb 
(liveti «l)ove {§ 7). • 

For tile BAiue roAson Mir point* joinrsl im the lommuLitor bv any Irrush 
iue never strictly At the *une potential. Yet Mie differenre of phase #hich 
Cannes Mu* ran not lie aJlrfint ai ant' objrctmh^ii tlie 4 .uuUipIr x vn ruling ; on 
the nmtrary it wnuhl tic the round for it* aihipi 1 . fot; the following rcasori. 
tl ill tlw tonne of design we*nro limited to a fwuftlh* Upwonn«l mac tune * 
to Rive a very large current, llw ulogresMve roiuruijt.ition of the c<Mitcnt» of 
ft liol due to tho multiplex tvinumg A^d foH'‘v.m« as a corullAry from the 
differeuco of ph&to mentionod would br the caiiw of its smxrnonty^to 

« dimplex winding. * * % , 

Thu* any multiple a Up-wound nuiltipnlar with v, - « :» I, m which the 
number of ilota .S i*,eit»c(ly ilivnilue by p, and the number of Vcton C is 
exactly diviiuWe by mp, has m independent wnuhhg*, each pcwseMing p 
repetitious of E.M.F. but with none t*tween winding ; aryl it may he traced 
1«ck to ^fxuent 2-pole mAchtner Up-wound with m independent heUceo, and 
having Ihe mine valueft of c and o^y^ « m - J. but with S' slots. 

I t. m > l hftviax no CJT, with tS* hfchtr thu I —{I. <) btt m. aithough 
> 1* have no commoh factor bigh^ than 1 with C* - tS', so that Ibe ongioal 
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multiplex winding forms ft stogie ck*©d bekx. That in Fig. HI lit Uw 
winding bo triples, with m — 3. Neither t nor S' cao Hair afly I Actor higher 
itun * I with m, end therefore S' 


caaaot be divisible by <•' m m, but this 
OADM be regard^! u uiy objection, 
for the wmr iviKias that have been 
given under lit) ; it only uupfce* that 
one or uvre of the pair* of armature 
[Utb must contain two collude* k>» 
than tile otJit-r of ulhrrt. 4 

Such a 2 pule winding crcej« juM the 
polr-pjftfi m and, 

wlwn t iu through and opened out. tfre 
ttt mtchohi of ^ the A windings can be 
traced through from (he mtcrjiolar hue 
ol biMctii’Ji vjMfatily. f ollowing 
the vi:nr mlrs as brfoic. for the first 
tour uf Fig. Hi llie start mg jaunt will 
be ttur v-»il sole marked 1 ; the second 
lour starting from '2 l» - gui» with the 
next but one Ltol side >n the direction 
of advance, and the third lour starting 
from J Ix'gim with the coil mUc adja* 
cent tiltin' original darling ]x>mt. I he 
lust four embracing 12 cli nimts_or t> 
imis will yield an k M l- f the 

second amt thud Fach embracings JO 
clement* *t 5 i»th will yield 1\ M 
'• ‘ '/> and t % t 9 , with dilliVrflCi’l of 
] hase l>ct»Yi-<n ail three, and all 

unequal. 

Now s,,Tnr 1 hr winding is a iloscd 
h< hx and afti t < Ai i» tour returns to a 
dtlh.nent M-uun; it follows that 

when a»"tiu<r j -v* and •• repeat 
WllldlSjg all add'd on, the hi>t half- 
tour ot the whole machine will < m^xt T 
rind it* continuation oiiwgrds • <»i»plrt- 
ing the lour wdl IwHron* 2" to if. yielding 
the vime I. M K t % t 9 as the original 
xoiKil tour Ir on 2. I hr mhhii* 1 half' 
tour from 2 a ill r ml at 3‘, and its toll* 
imitation i toward* >«-ni]iHnii! the 
*-* ond tour wiii I*- from 3* to h yn Ming 
the same I-i M F. #, f 9 ‘ as thr nngirtal 

tour from 3 Hwiv the third W<4 lour 
frtlui S will end at J'. and it* lositiniiA- 
u<>n*.nwards will Jr m 1' to 2, yn ldr 
nig the wnv i M l : | c,"«as the i 
first lour of the oncmat veiling 

I3ut now h i a xcebai pole-pair and 
r< |eiii winding Lie inserted, making 
$ in all, v* that p -• m *Then at orut 
?+'■* mi and <J ** tf> 2*’ will have |nt 
Common factor m > I, an* wr return 
to jw uub-|<vuai ilf helices. but nnw each 
giving the same total k M k. at any * 
mutant. In sene* wth 1 - 2‘ - 3 s * 
will be found a con tin nation from 3' 
to I closing orft helix. J a senes 
with 2-3'-1' will be tyund a 
continuation Iron JL* to 2 closing tbe 
second b cht. 1a mrim wiCh 3 - l'-2* 
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« wiQ b* found m from ^to J ckjBfcng tfet third b*hx W« thus 

h*v»— 

fVlf $«<mA 

Original 2 poU ttfH*. 

. Ill tour. From coU^.de I. •£, • ${ -f r, - 4,'* | r, - 

2nd tour „ ,»v 2. #, - #/ f r, - i| + £, - 

!tr4 lour. ,) „ 3. # f - r,' 4* — i t ‘ f i, » i| 

llencc from thu [*aent multiplex two j*»lo i iuv time with y 4 •» »*» 'I *n*l 
u ungU Mix, t alt hou iffy £ fejirtitiori* of e*r.h componrai F M F mult 

uiwAya <ni ur JjclwKrn ihtb-jriit portions of the winding*, tilt lirnvrd machine 
*Mntjnf* three dtUcrent form*. . ■ 

If p ii prime tr,.m> tlic wmcbi ^ remoJid a tingle duned tixhx If the Actual 
winding bn traced through from a ytiren fctortmgmmt. an e<[inpotentjai 
j* found uftrr m.V dot jnfllvr* have been pwtacd by. hut once m is pnme to 
P, thl« alway-i reduce* down to .V did* poxW a whole number oJ timn ptmt 
or miNni S' dot pitduui, i • the np.m of the eijualirrf comirctic.il i» S' dot 
(xtd^ev «< ttiat again the uim* formulae fur tile npujx>rerOtal (Htch remain 
turn, t *. wi.S' arid m *t* lor* -» cS'. 

If p -* in rjf a multiple of w, s*y lw, tJicre are tn imb|<mJeiii tirlice*; 
in tin* cam- when p m, lin y *o* without repetitions »'» th’ insrlvei. and an 
rujiiahter umiiectinii )«mi% tlir several helicr* together, mid when p *• Am. 
they have h ir petition* in tlirnjwdvcA and an rtjualucr tcmfiectmu joins both 
|Kunts m rath helm and the sevrral helices. 

If m atid p havi» a tommon Jacbir /' greater than unity hut levs than m or/*, 
there rmull /’ mdejieuileni heller*, each of which i» now pirlf multiplex and 
rnahlug #*//' tours ol the armature . thete are Uu n p;{' repetition* >n each 
hrlxx. In l»>th the last two group*. there u* alw^t cornph lc identity between 
the tc.M I’.'wof the /' lielicrs, and it it evident that the second group alien 
p m or Am ts tl*» extreme caw of the third group when }' *■- i»i. i*t iltat 
only tl*e third or general ca*»- i* UbuUlrd m Table IV (j». 217} 

Thui mnltipoliur maibines having a multiplex Up wimUng witln•. ” Ul ' * 
arul a miml«*r of slots .S' exactly diviuMe by p but a mimler of sectors t 
not exactly divisible by mp, although they m<y base indr pendent winding* 
nr 4 fcingle helix, reduce to a parent two pule multiplex mottlin'* hat mg a 
single flows) hehx. • * 

* 

U. WAVt WfNblNG ' 

I 10* m ^ 1,—Starting with a two-poU simplex wavr-wound 
machine such «u» Fig. 8l3, lot an Additional pole-pan and a r«|X\ti 
id the winding be inserted and joined up, as m Fig. 87.• llu? end-* 
of each continuous piece id wire into witch the oiigraal winding, 
when opened out, is cut an* never on the same level. Hein e when 
the 4-polti winding; IS tr.ued through, it skips alternate u>d> o( Ih*Ki 
the original and insetti»l winding % 

lit contnust with the similar Up nuclimf in which the winding 
always idiuilb a singUr cl.Ketl helix, the S4HW*^two cases wliuTi 
arose first in ^9 already t>ei'oiite posable in the Qiultipolar derivatives 
irom the wave machine with m -- I\ II as in Fig. 85 y t is a prin^* 
number to start with, the winding when multiplied rctmin.^ 

a single helix {*.£. wilh 4 poles its Fig. 87). Mbit if y t ts not a prime 
mimber to start wiffi. llm multiplication of pr ol C or of 
nuiy cause S or (' to have a common factor i greuter than umty 
vritli y f , or mp to have the ^unr common factor with C ■* pC\ 
There then result h independent w»we-wx>ond helkys. . 
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Since in the 2-pole machine with V I. after oiy coil has been# 
traced through, the distance traversed has exceeded or fallen short 
of one exact tour of I be armature by one sccihr, *the excess or 
ciency after two coils have lcere trad'd through m the 4*pole 
«k‘riv4t!vr will lx* 2 sectors, and alter tju*e fuiU have lxx*« traced 
through tn the t>-p>le rierivMlive will U* W xvtois, Or in general, 
if (^-1) polo-puirs ale inserted and*/> culls are tiaced ihixwifth, 
it will l»e p M%tor< Hut since m ■» *‘p 1ms own rviaincd tmdtanged 
ami ibis i> 1. a must t* p, jnd a multiplex wave-winding 
with a -pi* obtained. The c^inmutalor pitch which in the 2*po!<* 


ta-«‘ Was v c - ■ <V 




I remans unchanged »*> .[ 1, but there 

P 

m»y iv'-ult a C.F. highei tlnu l between wp and f‘ ui l^lwern 
cS' ♦ 1 ami c.V 

Thu*' any wave-umim? imdtipoiai machine winch has a numl*-r 
uf .sl,,ts « \a* I |y divisible by p. .S . f.S'and a p,"> a derivative 
fruiii a paunt 2p.le simplex wave-wound midmic with V sluts, 
j‘ ■ 1 and tlir saute value <d c 

If the .w tiial finding «>j tin- deiivtd nfidiirie he tint td *»ut when 
it ieiuam> a "ingle dused helfx, the n.imlxT id slut pH dies justed 
by in fdl>wttig tie- winding h"m a given p»jnt 1 h the ni-%1 eipii- 
pit eld la 1 print m '.in if'Mnf! fu line l**ith the pixitiuft of the winding 
in the -d-a and the -l-rt piMtiuii relatively tn a pdr uf t}ir* same 
sign aie fepAtttl)* is y t .S p. J hr cuinlivitatut pm h y # lving 
_ f.S’ .S’ * 

cS • I. tin- is t-t^ial to 5 . - | N<itt m oulet that y f may l*e 

• P P 

pi mi. p. i s' inii'-t be div isible bv p. r c, tS'jp a wild* 5 number, 
Thelrt.ae the < *plip*ti-|jtlal pH. h IH sluts Is eijtial tn S’ sluts passed 
bv <S\p ttire-. \c to rV i\y« t luiits found the .irirtiluir which 
lalltcl <>uT, plus or minus ihe resultant <‘pilpilrUtial pitdl S/£. 

When f t and p have the < <>iniiy<ri f.ic1««i h holler than l/lh* 
nuinU-i nf•'•i*'t-pildwpassed by in pnmeding lium a given, 
pninl to th< rie\t evpin^bnlial p.mt pi the same hehx is 
* v, k t h k x 


i> * 


-• .< . - •—r N - . \\T*-n p is a bu v«r in y t , tins is an 

P « « ** • * 

exact imtnUrf lours And fhm-lofe tln-ic ale Jin n-jjMi turns within 
any oi the hehc* , but rejirtitjon Ik-ImWii Ihe hidnes, 

| 11. «» . - | —nAi, irl the jrommuulor j.ihlt of the original 2 poU 

lave wouiul m^cluTke be hint JienrtJ nr slw*rieu*si fmm y, — t-S’ f I to 
v t n- tS' -w*.^k here »n is a nuttflx i - I Sn tbe 2 pile jiarmt moc* 
p ^ I. there Ate A’ hrlu.es it m tut* j^cmitncju tvtur A' with C. and in Um* 
multipiUr d*‘tv.Mise. ihr M (F. ol mp »nd C iwirt. W bawl coniun A'; if 
y t jk' anil p have thr further <'tmin<fn fact, a tiar numlicr ut hchtes wtti 
ns« to A'/', amf .whr-i /' y t ,k. we Anally iwh many m y # hrlioea, each 
making one tour of tine armature. l t^ mil be gathere d that, y t ta the 

1 Soch uviu^'ut forms the b&i* of an article by the *ni«r on “ AfpCti* 
tMxa ui E M.K ia Armature Windmfi ** (£J«Jr.. Vd *7V, p. S8B). 
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multipolar wave macMga Ukat (hit ptooa atm La (be multipolar lap machine, 
and it u th to go thnnjfh the cue* m detail. The rwuita 
wtU he UXUm «1 from TaUe IV, p4 ff e 247. , 

| 12. Th* ooulvitoiiw of th* two-poll lip and wm pmat 
machine*, and of the defcvattvee therefronL-lt can now Ur followed 

how cj*i*dy iMjurvuli-jjt a w.ivv-wmdmg with Cfp or cSjp a whole 
numlxr is to a lap winding with the same v.ihiis of c and S, so long 
an all Whr 2p jwiNsiM#- srlr. ui brushes are applied to t|i«* commutator 
id the wav r. m.nhm.- In both ihrw always tecufts a numl% f of 
paiin of pajpath'*, a r p or a’multiple of p. In il»: 2*pukr 
miiihmt! with the same numbiN of slots anti '•ertots per slot, tiie 
vuni: value of to arid'the same hark and front pit*hen, the same 
rml> arc traversed in ihe same serpuinc in r.n It uimiture path 
from hi us(i to hru h. win (her bp or wavc-cunne* trd, and the 
order t»f liawtaig the a< hul t oil-sides ran even tie made the same. 
The 2 j»t.le wtudmgi are llinefoie practically identical. In their 
limit derivatives the <<>ij> are. of course, not traversed in the 
name sequence, si nee tl^- wave winding proceed* at oner in strides 
from (lie 1 original to the repeat tod-, and with to I, th <5 derived 
wave mnltijiubr miy have more demonetis'd hefix; but fir each 
coil-side ttaversed th the lap-machine ir> one arm.ituie path, a 
com».|*»ndmg nul-sule in ■ upymg exactly the same position relatively 
to another jhjIc of ihe same sign is found in the romsponding 
arm.itnre path of I lie wave wound machine, that tho K M I*.'s 
and t in unist,mMr> <>f the two im« limes ate so far identic.d. 

There remains, however, in the wave-wound derivative the 
difference thal one or more sets of bru-jies might be lift eh from the 
iomtimlator. when the aimature paths of the«. tpiiv.dent wave and 
Up machines, both derived from a 2|*>le pan-nt, would no longer 
remain alike. Ami 1 hi-. 0' 1 implies not only freedom from the uffet t 
of unequal pole-strengths but also the liability to the oh jo honable 
ftahne of " selective < ommut.itioti.” As plentionol Lper in § 18. 
•wave-wound m u bines even with a p, or a multiple of />. are not 
infrequently lilted with equalizer connect u>ik although they <aq 
only then be reqqpid to minimise iho likelihood of " selecU c 
commutation.” Jf so lifted* tin* wave wound machines can claim 
no advantage over the la}vvYmnd m,u hmeV.v-^jwch an automatic 
chock to unequal current dividofc is sot by armatuft reaction. The 
conclusion, therefore, is tliaf whcnc\:'r it is desired to have a ^ p 
or a multiple of p t bp winding should be adopted in jirefereiW 
to wave-winding. * * 

| 18* Mult ipola r parant typat— The parent 2-pole machine* 
have now been disposed of, in all the rernamfcig type* °f parent 
machines. S' must have no common factor higher than 1 with p\ 
and for each number of poles'! here # wil> be one or more parent 
numbers of slots according to tbe number ol valued which m * may 
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untrue in the expression S' «* p'n^ ±x* without it* hiving a common t 
(actor with p\ as shown in Table V (p. 248). ' 

The first parent machine of higher order* will he the 4-pole 
machine with 2*, -f* 1 slots, ("ilovprd by l' e 6-jx»le machine with 
3H| i 1 slots, and so on. The pnntiplvs <?i the preceding s<\turns 
remain the same, with this difference that c;u h addition must tie 
of a set <>J iiolc-jwirs equal in number to the oi igin.il set p*. Instead 
ol p occui fences of the same E1M.F., ijn* numhci of oaurience* 
cun/low never lx more than /, and the mmiK-i of points of equal 
potential that may lx* Joined ftjptfier J>y an eijuahz-r lownTtion 
is /. Correspondingly the i ipupoU'h'ial pitch in slots is y m :» Sff, 
or in coils or commutator sectors . c Cjf. and in elements 
-VI/. 

In e.U!i Case when m IS a whole Iimiihei. .ill tjie vuur Y^tMfdfr 
as have ahrady liven dvset ibnl in connection with a*2-pole patent 
will lx* hiimd. with the except it in that / now .qjv.iis instead of p. 
But iheie now apjxMts Jnr the first time the additional fx/ssibihty 
in the ujit rnathittf of *n Wing a pxojvi oi nnjuojK*r fun tion. 

Talde IN’ is rxu-mlcd to ini hide thf fust muIi'um*. viz, 
the 4-p<>le parent machine with S' - 2tt| r 1 and c - 2«, d- 1 
whence m a ip | ot ^ m * . . . . is fi.uti.-rid cp lug. 107). 
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In all niulnjvdar *|wrent m^liines arid m all ihrir derivatives, 
f t, when 5 =- p*\ -f and * is not zero, although the Lip machine 
giving a *5 rtjp puis of armature paths ruav stiff have any whole 
number #i, of sectors per slot (lifce the Iwo-jyde machine and it« 
derivatives), tin* wyvc-woiind riWhine to fpve th* same value of 
a must have t £«,. in order that cS — pn t {p* t -f *) may lie 
divisible by p. The w*ve-wound mac hines with S t p% % -f % 
and c « p&t sho«n (*i the left-hand side of Tabic V, and the 
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2 » CHAPTER XlV 

•derivatives fr$m tkedi which occur on the right-hand side, are then 
closely paralleled,by lap-wound machines with the same values 
of S and with n t made equal to p or a multiple of p, in that toth 
give a *•» mp . The rrpmbbnitf of the two is, however, not com¬ 
plete in the srqsc that 4 the wave winding picks out the same or 
simibfty situated < oxides t« match those in the bp machine; 
this is foj hidden by the fact*!hat (lie number of slots in the present 
raw* is never divisible fiyMic number of pole-pairs. ,Consequently 
the petitions of one set of sl<>ts corresponding to a pole-pair are iy?ver 
exactly rcpr<ulb% ;ed by the'j* rat ions of another bet. Now the bp 
winding jmv*ts through ear If set in succession, while the wave 
w inding |>rou* ds in strides fiom one set to another, so that in each 
pair armature paths the toil-sides of the wave-winding will never 
be situated exactly simihrly to those of the bp winding. 

It will bn seen from Table V that when S - pn x -j x, and ti 
is tr> he p or a multiple of p, the lap-wound mat lime is less 
restricted than the wave-wound machine in the jxissihb values of c. 
Since these oises stand on I lie same footing in that they equally 
admit or do not admit of Apudizet < onnections, it may for ihe reason 
given in § ILMh now stated that win tower a in to l>c p or a multiple 
of p t bj^wmdmg is to be preferred trt wave-winding. But as 
soon as a is to be independent of p, wave winding w ith il> possibility 
of m being a piopcr or improper fraction alone holds the held. 

f 14. Parent and derived machine*.—A genealogical \rcc could 
thus be diawn up, showing each [urcfi( machine with m a whole 
uumtirr which may be lap or wave-wound, ami with m a proper 
or iuipuljHT ft act urn which can only be wave-wound, /Ccording as 
y t has oi has not a con mum factor with cS* greater than l, the 
parent win*ling consists of independent helices or of a single helix, 
or in general if h* In; the H.C.F. of y 4 and cS\ there are h* helices. 

% Tlfe class of winding resulting from multiplication gf Ihe original can 
t then Iw. brought under a single general statement. • 

4 Assuming y , and cUi lw retained unchanged, if / i* the H.C.V. 
between N and p, then in the derived machine if the H.C.F, of 
yjh* and / is f\ Hint‘d re h'f helices, each making yjh'f* tou* of 
the annul We bcfoie closing, and h'f II thc*H.C.F. of y 9 and C 
for the derived machine. *fn shortened fo n lv^Dble IV illustrates • 
the process of derivation, and*by inserting tjie proper value of y # 
any case coming under it can tie analysed, yjh' is a whole number 
not present as a factor in C\ and, therefore, fixing thf number of 
tours of the winding; but utheti (-' is 4 multiplied by /, yjh* 
may then have a common factot /' with /. raiding the number of 
helices to A'/' and coiresponding!y reducing tlfc nujnber of tours in 
each. • % 

When either m or mp L> contained ai a factor in f, A may rise 
to equality with their values. ,It is only id the derivatives from an 
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original 2-pAe that in the above statement V cai>«be substituted 

*<*/' , . 

| IS. An po rt h vahwa ol e b both tip.fnd wave mutism.— 

A complete list of parent ami derivative trie Junes for all number * 
of pole-pairs up to p 12 is given in Table V. Al!|)DU|’ti appealing 
oq opposite sides of the central column 4,it m*U Ik? undiTsti*Kl that 
the machines on the right -ha nd.side are not derived from those 
in the same ri*w on the left (the arrurigeiflent Iwirtg jmiely by pole- 
pairs), but from the machines fivrzv in the same mw m columns 
£ and JO, , ♦ 

The values of a for all numbers 1 / slut* and sect, us jvr slut for 
both Lip and wave machines are athied, the siqurncc nf number* 
in each row of columns 1 and 7 corresponding to m.reusing value* 
ol« (1,2,3 . . .) for lap machine' and of vararif Pilots <d sf*»r 
wave marlum* reckoning from a In the Jailer, values ot 
a above 2 or Us -lihun uemi in practice, but an- m«f;jdrd lo irojn atr 
the result that follows from alteration of the cumnm tabu pitch. 
Further, Table MI has already shown that for a pw?i vai.r of p, 
the same values of a recur with different tallies for v and y, giving 
the same prodm t x y. that in*Tahle V to avoid u«uc< e^ary n*|n*- 
tstion in (lie ease id p.irrht machines witli tile JiijJwi number id 
poles c is not dirtHtly given, blit in lls plate the value whnh iV 
must have. It will also be understood that any of the alternative 
bracketed fallies ot S can be employed with a value of t or of x*y 
to give a the values whichjipjx-.ir m tin- came horizontal row. 

The great number of possible values of a that wave winding 
allows, due To the possibility vi tt of a fractional«teep, is apparent. 

I 16. Simplex wxt*-wuj4inf* (a - 1). It will luvr bvrj fr<*m 

Table V that all eases of simplex wavr-wmdmgs (1 t 4 »' 1) ai'l^ar on ti>r 
left'hantL xute ot the Utldr urigioal typ-s, a'lljl is <d nit- m.) to c*dh'U 
these taws and discover wb.tt valuet of c are p.suldr uilji each value ut/' 

tu m Table Vi 

It will lie Hvn*thal K'y It.u^l lie l or differ fi>»m or a mijillj le of // by I. 
y’ must not havr any ln(»r lumber than l with /•*, and “iiw-jmiulv 

the aame is Irur for There is a gn^t in tjir p>s>ible values for <, 

nyisulty when />' is a jinni** nuiliU'r, j4ovi«hd that the number of Jols i» 
chuat^i to suit. ^ , 

Hut when we jsiss luffupli v. piph x . u*v v*.tulle;.s Will) <l - 2, 3 ... , 
it wilt be found that each vjJrn* «>f a ai*|wapi on Uilh sides of Table V. The 
^dxflerence thereby m!fc<:>A.4n»iftK that in tin ■ ihcir are re j- IjIkjiu oJ 

K.M-F, and in ihc fhLtrt c,lsc there arc # none, an important < , ..on.secjuen^ 
flowing from il is tracesl n f| IK. 2'*. ^ » 

* \ X 7 . Hm che* c» ot * ooafmooaAeoarrmt armature winding, - 

The choice between the vinous altcrgai ivtr incth<*dvof dm in-winding 
for a contfnuous-cuTjrent armafur<v turns in the tud place mainly 
upon (Ij the value oflthe total current /*. suite iiptin tins depends 
the question of tlie number of parallel pat I is q wJudi ft is ad viable 
lor the armature to preseilt for the passage of the current, and 
indirectly the best rmtnber of polc^. In order to limit the 
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c inductance which retards the commutation of the current in each 
short -circuited coil as it puwe* under a brush, it is inadvisable for 
the current in any one path, or / «* IJq, to exceed 150-200 amperes, 
and to avoid an unduly*tong ana unwieldy commutator, the current 
per brush arm should not exceed 400 amj>eri-s. With commutating 
poles J may tx* raised to ;i50 4W or even more amjwes per path, 
when special oc casion requires it, and the long commutator thereby 
involved c annot other wist* avoided. *. 
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Jnal ot a simplex ^ip-wmdmg* with each toil injiNiNtmg *f a 
single turn only, is Mien to be recommended. Aid this as tJic best 
and simplest of windings ihotild tie rlua-arilK^s^ly when its g>e is , 
forbidden by the considerations to he named Jvlovv. The practised 
designer knows at the outset its limitations and when it must he 
departed from, but for the beginner and lens experienced designer, 
it is advocated as the start mgfpotnt in every ca^. Vhe further 
cotuadr rat tuns that may necessitate itsabandumpent are ait follows- - 
{2) The magnet must not prove unduly h&vy or (he armature 
core too king ; see Chapter XV* §17. 

g)) It may fend to a widt£ of ccmntutator sector jess than the 
mimrmim that is prebribed by mechanical and manufacturing 
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reasons. In anticipation of Chapter XIII, | 30. il will here be 
stated tlul the peripheral width of a commutator sector at its top 
should not be less than O'190'. so that with mica 0-020' thick the 
minimum width of the pitch of ihcVommuAtnr vxtors is 0 2 H>\ to. 
say. 5 nun.; further, for preliminary calculation the commutator dia 
meter may he taken as 0-75 1) f»u >null or O /) fox machines, 
where D is the owi-all dutnetej" of tin* .ti nut tin;. Jo lessen tin* 
number of x*tofs and vi incitM-c thill hidlli fot a given diametei 
of commutator, the ux 1 of <-.uh with 2 ot more turns suggests 
itself, but the inn rased rliffu uliviof ii.mmmatjiAi owing to tlic 
inductance of each sh«»it-c ucuiled anl in; H iving louglilv as the 
square of the- number of its Iuiii* mtHulmi-, toe h-M unions m-xt 
to be mentioned. 

(4) In all uvs of coiK with Uitfeient mmiUts of * ►•tils' on si mi la j 
machines, the mi rent / must vary lu.uly inversely to the squat r 
of the numlu-r of turns to maintain tin- *.itiir freedom Irotn 
sparking, (i*rurally speaking, in j*r,nti<r 

with one turn |H'i sntioil, l ** 2 l*> ampcirs 
,, two lum> * J 5o 

„ three „ ,, / 22 5 

(5) 111 *' .tVrlagr Vi»ll-lg«; 1 m Iw« . || tWoadj.lM nt V'« tols, 2f> A\{f.' 
should *i*4f exceed :d*njl 15 Volts (< hapter X. § 13). and lastly 

( 61 the unmlh-f *'f vs !o^* j^j pde, < 'Zp, should not f.dl below a 
minimum of 15 of the number of dots behav 10 even in small 

machines (t hapter X. | 15j.«. 

Whenever the told .im]*'!vs d<> jjr 4 i-xn-f d 4<KJ, il follows 
from <1) and (4f that fiould U* 2. In mu Jr iass with a simplex 
kip winding fot whi’ h </ 2 />, w»* an- bd a single pair of jmirv 

Vet e\|H‘iy ie »' h 4, diown that, i-xopt f.«r wiy mu, ill mil puts at. 
high speed*. »i 4-JNdir m.njiine is m general <)iea|x r to rnamifaf lurr, 
since aniong other reasons iJie mull ip «la r field tenders pissible 
rhr ux! "I h ymn-wound i7nj* wlmh are in themselves dwaply 
primmed. I'ujt her, the v<«k«* .nd magnetic circuit nJ the bipolar 
machine j* heavier? and rien though its held «upper may l« less 
>tlian that of the machine. iheVta! cost of the magnet is 

greater . 1 A 2-pole ipagiwt is thertfor^ put nut of court by (2), 
and a 4*j»ol(* field magnet is mucH more likely to exist as the standard 
pattern to which the designer nrns* confmm. From tl»e data of 
the require*! output and speed tbc«deMgnrr un estimate approxi¬ 
mately what size qf arm.ilure run is suitable, and which nf the 
standards at his dis^rsal fulfils the requirement* mewt nearly. It 
will now be found that op to 300 ayipercs in most owes a simplex 

l See Nilea* WiJktr T£r Sfxnfa+tKm cwrrf fifttfn 0/ iJynamfr FUltru 
7, pp- II. 12. 
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dap-winding lea^b to;commutator sectors which are too thin, and 
too numerous for economical manufacture, and if the Up-winding 
ui to be retains!, recourse must be had to coils with 2 or more 
turns. But a singled u^n wavtv winding in a 4-pofc field has the 
same number ot sectors as lap-winding with 2 turns per cot!; the 
former is thru to be ^leferred ;r» cheaper (c p, Chapter XI, | 22} 
and belter fur manuLitmrug reasons owing to the size of the 
conductor being more stibctahtuiL Throughout the present range 
of ampeicx, therefore, simplex w.iw-winding {a » 1} in general 
takes picceiUm •: over Lip-winding. 'flic only limit to this is in 
the case of suc h high speeds'and low voltages tfiat the number 
of Mimmutalor sectors per pole falls below the minimum of 15, 
when a simplex Unwinding will be .idopted in preference. 1 

When Ike total amperes exceed 300, and a 4-pule field still 
suitable, the Itandtion is made to single-turn simplex Up-winding, 
the dividing line being drawn according to the tircunvdaiices of 
the particular rase. 

Whctj /, is > 400 amperes, the ntimber of piicsof armatuic paths 
or of pole-pairs need not exceed a /«/40U, but an empirical 
expression in better agreement with average cases may be taken 
the next larger whole nuiulx*r to a -= /J300, and the next step is 
to try provisionally the corresponding numtar of poles, viz. p => a. 
Assuming thi n a magnet frame with the required numl**i of poles 
to be available and that it docs not contravene condition f2) above 
given, single-turn simplex lap-winding will heme forth be in all 
cases adopted, but with the limitation that those* , combmatii>ns only 
are to be list'd which appear oh the tight-hand side of Table V with 
a definite preferenc e for those whii h permit of tlie full use of 
equalizing Conner■titins. The la j>* win ding ensures more positively 
than wave winding cqtal division of the total armature current 
between the several sets of brushes ul the sime sign, owing to its 
freedom fiom "selective commutation," and the raison for its 
adoption in preference to wave-winding with a ** p in both cases 
ban already boon stated in $ 12, apart from the fact that the winding 
of the wave machine in such c;vfe* is slightly mole t'X|*'n-^'c, 
Hie assumptions made before adopting the single-turn simplex 
Lip winding have, however J* ulna ted the edve when wave-winding , 
again becomes the best, but now in its multiplex lorm with a > 1 
and < p. These, with other exceptions to the general adoption 
of simplex Lip winding, have now shortly ty be considered. 4 

(a) the size of machine necessarily increases with \he output 
per rev, per min., and it is not practically advisable to increase the 
length twyond certain well-defined limits [cp, Condition (2) above 
and Chapter XV, $ 16), so that it is the diameter father than the 

* CfccaMonAlly a J turn Unwinding intfy worts ia nwr* coor«ni«il5y tin* 
wtlHi x tingle-turn or 2-turu «av* which - it Ulkk 
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length of the inniture core Ui which the mcfocso » actually midtf 
to meet increasing outputs. Next, for every, diameter of core 
there is a number of poles below wbVh it is not a disable 

to go. owing t* the great weight *d iron fe the yoke {cf*. Chapter 
XV. § 16). Thus whenever an output of high voltage at a low 
speed demands a machine of Large diameter* but is combined with 
such a comparatively smalt current that p ~- IJ JOOgivt-s :t number 
of pole* l*]pw the minimum for the diameter, a multiplex 
wave-winding will 1* adoptee^ 1 , 

(6) The same alternative of nvdtiplrx w.*vi>*hiding (a < p) 
also enables the designer to moot the case when a pattern already 
exists in which the number of poles is larger than the cm rent per 
path calls for, and the coils or bars anil v-ctoi- of the lap-winding 
become too numerous and small for cheap and i *v production 
Even when the discrepancy txdwrt-n the huiuN-v of polc-pius 
that gives a light and economical magnet -s\Mc-ui and that given 
by / m *30Q -- a is not very great, bet warn c\o h pair of consecutive 
jx»le-iiwmt»ers there often incur cast*. of ontpuls for-wliuW single* 
tmn simplex lap-winding with the smaller number of pole*- makes 
the machine heavy and long a’lid with the next bigei mimWr gives 
too many lommutatnr Sectors, The larger numb'T rj puli-pairs 
with multiplex wave-winding is then tn V ndopit-d. Thus a foul - 
path winding (<i ~ 2) ran lx* used in an 8-pole ina<)ime, s and ;i 
4 - or 6 |tuh winding in a 12-pole machine The combinations 
of a (vpat !i wave-winding (it «* 3) in the 8-pnle marTunr, and of a 
4-p.ith w.tve-w imfing (a rr 2) in ft-jpole m.i<lum* are here not 
irt« haded for \ reason t«> l>e jm-ntioiiHl in § 18. 

It will lx- hotirrif that the cas<s unrler (al and (ft) are in fait 
analogous to our first use of simplex wave-winding with four poles 
in preference to a bipolar bp-wound machine. 

1c} Ne.y. if the armature current l«* large, the voltage low and 
the speed nunparalivolwhigh, as in machines for elcrtro-deposition , 
or electrolytic purpose, and the n«ml>er of requir'd by simple 
lap-winding is beyond that which the existing pattern of field* 
magnet assesses f*r cx< cods the bmit usual] vah' ! for in commeii i»I 

practice, two alt Anal ive* courses are open in the designer. A 
» compromise riw^', h»'iTie first place, Tr effec ted bv adopting ihe 
smaller number of jjoles and a mfllljpjex lap-winding giving 2 rnf> 
yaralle! paths. E.f. jf Ihe Simple bp-winding leads to eight 

poles, but Jour poles arc otherwise#more advantageous, an 8-path 

* • 

1 A fowl example it found in the design of ft 500 H.P, 500-volt mUing-miM 
motor running nt Ihnibw *pe«l of 3f rtvi, per mi|t , (pvrn l»v Mile* Walker, 
TMf Sftf*fitat*on and hoipi of Dynomo-fUctrtc Moctnmry, p, 511. 

1 Cp. S. P. Smith. NoUt on Tkotrry ami D*t\fn of Continifovi-tvrrant 
Mntktnat, p. 38. where the P**i wwW the winding of * 350 IW. 500- 
volt machine wt 200 revjk^per nun. ire dearly att forth ; «lio Mile* Wilker, 
toe. tit., p. SIS, » 
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Vt Uka hi m 3, 4t or 8 *s being the usual iwnbvi o/ phases l»]«red ta pmc- 
Ua. tlM condition it satisfied by making S' » 3* 4 or 4m t or At, la the thro* 


Uul etch multipolar simplex wave-winding U also an origiiul type which 
ctnv>l be oLuinn! by mi7itip|tc*tirfA of the pote-paire h>tn the two-polo 
wtve-wound machine. In these uan agtin 5' roost be exactly dirniUs 

by N, end since S' now p's, -f m'. must be a whole number. 

If p’ aurf ,V 4iv identical. ^ ^ *■ uanhot be a whole number since —- would 

<▼ * hi 

then — * s and this m fractional; arid if,*' ami N have any common factor 


frealc t than 1. 


P'«\ t *' 

S 


unit yuM a whole nurnlicr, wlicn *' and *V 


have the lARifl common factor a# p' and N. Otherwise, taking out the 


commnr factor of p* and N would leave 


>T 


with a smaller denominator 


than jj. and their mini cannot be a whole number 

Taking N ■ « «l, 4, nr it. and applying ihr-*e < nkn* to iIk simplex oiwt of 
Table VI. it i« found that - 

A maiVriiic with f»‘ *- T. *1, H, lu cannot be lapped (or 4 or h jiluin ; 
.« .. p* ■•*■ a l, r \f „ 1( „ J or 6 „ 

„ „ f •' ** dor IT „ ,, ■ If. 4, or 8 „ 


and within tIm langr t orrmlrrcil only rnacluii'-i villi p' ■- l, 5. 7, or 11 can be 
tapiv-d f»r nf/ier [I, 4, or rt pliatcs 1 >inre. S* and p’ liavr no Common factor 
higher (ban 1, nml s' i» (u 1*? rxaUly divisible by ,V. it follows that p‘ uiuit not 
be exactly divisible by ,V 

In tin* jn>h>*iI> h: i.vw*. to <letrimine the number ol sluts divisible by N and 
conforming to r given type p'* t J x'. the jumpiest method js to determine 
m the first plate ih»* lowest value of p'f d *' which it divisible by X, i t. f it 

to tie I lie lowest integer which wil 1 make -» a whole v umber, My 

.i •* 

i. k i then In llir mmih’C of tints AN can always be added any number 
of grtm|m of p‘N duiv The complete expression for the total number of 
sluts it then lor N plumes - 

mS' * p'Nn t >. *iV. 

Thus, for N — :i, let p’ «• 4 ; then the lowest value of.4^ ± I, which is 
divisible by 21, is 4 x \ - 1 —■ ,1. and the general Mprwtioo for S* is p*N a, 
i kN — 4 x .It, ■} 1 w IT*, t But if f' m 5, and r' - I. the lowest 

value of So t l divisible bv J it S X 1 >1 — *. and P‘Nn x j- *5 X 3e t 
i 6 - I5n a ± 8. so that the possible mi m be re of slots go up by alternate 
stare of IT and 1 . . 

We thus find for simplex wave win tinge divisible int^iV phases the values 
of 5' given in Table VH, • which alw> covers the 2 pole Up armature. The 
alternatives correspond ti> the ujttrnativc values olp'e, d. X* in Table V. 

The slots having been drterminrtk the phase patch is y^ in slots •- $“fN, 
or in coils or sectors -» cS'lN. se that— ^ < 

Ituiw I is ciuinrctml to sector or coil I 

m . .. 1 

and 

*V M . 1 *+(N ; -M)y^ 


1 5. P. Simlh. “ Tlw Theory 1 of Armature Windings," /owns. t.E.E^ Vol. 55, 
pp. 22 and W. - 

« S. P* Smith, hah at. 
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TABLE VU . * * * 


No. Si 

Number of Slots, S'. 

when : * 

pole- - 

* 

--,- 

9 

pairs. 

f 

hr 3. 

N - 4 

*V — o. Type of \V*i)*lmg. 

1 

3n, 

4 *i 

■ . ■ ... a ■ 

*'*, IaJmu wave 2 pole 

2 

6w, +3 

— * 

— 

3 


12a, ± 4 

a, * 

\ 

12a, ± 3 

— 

-- 

* 

}15*i ± 6 

20s, 4 4a 

' 30w, p H 

J 

MK i 3 

20n, ft- 8 

*-**i t 12 j *’ 


,21s, + H 

2#*, ± 8 

42k, l ’ 6 

7 

2ln, ± 9 

2A«, J 12 

42k, > \2 


'21a, * 3 

28k, p 4 

42k, ;» IH | 

A 

}24»i ± 9 
1***1 ± 3 

” 

»• 

1 muinjHdiir 



. Mn, i- 8 

| wave-winding*. 

9 

— 

36«, p 16 

... 



36*, £ 4 


1 ft 

30s, i 9 

— 


JU 

39a, -t 3 




33a, ± 12 

«»i, :i: 12 

60k/ i- 12 


i»«i ± ft 

44*, -t ?p 

60k , 4* 24 

11 

33a, ± 3 

44k, i 6 

tk*n, f 341 j 


33s, t 15 

44%, ± 4 

f IA 1 


33a, ± 6 

44k, 4- 16 

66k, ;« ' 


S SO. Tim tefptai of derirahta aichlm for N phase*. -In the («« 
prcn in the preceding section, lliffe are no rrj*tit«ms ul J'.M.I' ami no 
point* of njuai potential to^rhub ecjuaUrer connect nm* can be attached, 
and ax a <on*spieuA? there 1 * no f*«xsihility of i-rupl'iying parallel path* 
in each |>lur For Ou* lo I** possible lb*? multi fK>l,ir rnaihuie rnyl f on lain 
t repetitions of K M F., so that bne Upping <*u l>c tonwxlrd to f p<*nl» in 
the winding at distance! ol the rfjxnjKJienti.il j>i1*;h. y apart, lint for (lie 
purpose of discovering whether three ore accessible poml* m the winding fur 
the tappings for N phase*. only the parent m,u tunr n.ot^unmg V slots and 
p‘ pole pairs which Serve* a* the original must* l** <oti%idrred It it not 
therefore sufficient in multipolar simplex Up winding of multiplex vdtve^ 
windings that t* should Ik? divisible by .V ; ihr sin* !*• recondition must t* 4 
fulfilled that t?tf ->■ $' or theVlots included in on«i rrjvljtnm should !*■ dm*iMr • 
by A". The number uf slot* in the mult ijk1.iv simplex lap-winding muM. 
therefore be 3/*»,. 4p*,, ot 6fW|*tn the three uxn. Wl itx the mull ijrlc* wave, 
wildings it must be / time* the numbers given for // *« Pjf \ -ok pair*. 

Caatly, in multiply wave^nndmfl* it ontvotbe .ynmietriraJ windings 
marked in heavier figure* on the ngM-band side of ’lab!.- V which can 1 m 
B Upped whrn a > J : fo. Ahrse an? the nifty windings derived bum (went 
machine* with a’ ie I, which alone can be tlpfird for .V phases when S' is 
given its correct value. » * , 

^The phase pilch ii^in alnts - &ftf. <*r m ends «* rV;N. and 


liutt I U|H^i l*<(qn n> roll. * 

1. . iMf VJij 

nw II. 4 # 

i+fjl, Uv rt 43r w ■•• ■"■ 14 r »k 1 

T%mw III, * 

u%* *♦**>*+V « . 


iH*- ik^+r^ *H* ifr*** 7 #* * J l + trt * • »toV 





2ft> CHAPTER XU # 

. VOTE TO CHAPTkR Xll 

AitWAT'j«jt Circuutiko Cumkvti tn LAf-wouno Multipouu 1 

► I 

Wag* a Up wound clrurtj armature u displaced eccentrically within the 
tvffn of ft multipolar magnet «y«te(ir til* fraction from internal current* cir¬ 
culating »t no load within thr armature (or under load trim unequal dj* 
tnhuthm of the actual armature current* m the different branches of the 
wind mu) le ruli to com sate for the mequahuc* in live pole strength* by 
which thr i iri 'dating mfrrribi have tlieniwdve* been originated It 1 * here 
*Mumc(. that the armature* «mudrred are not fitted with ijqiuJiring rin$v 
Mace thr purpo**: of Ihnp i« a.t far a* possible to prevent the pasnag* of cir¬ 
culating current* through tl» brtitfie*. yet it u only when they il#> so'pa** 
that tliey develop to it* full < he , dm ve-men turned property ol automatic 
compensation. Thr exact fjin.hamsrn, magnetic and elm trie. by w hich thu 
tfoairabla rtfwt is produced in thr 4 pole machine ha* been explained by 
Itr W, I.ulofji. ■ nnd the explanation i* here repeated m a slightly different 
form, whn h dtx-* riot alfn t the principle. 

I, /ftu* si^n-ron-wd fluxes representing ill* effect of, s.*y. vertii.a] displace¬ 
ment in Ufie wrU a jx»I« m a 4 pole field ar* indicated m Fig 112 fa). It 
may Iwj explained that it i* Ju re a matter uf indifference whether the magnetic 
line* (iliown njien ended) are closed tktuifh the horizontal j»*ir* and air gap* 
or whether they i»rr iomrd up to form a Iwn.pole field In the farmer aw 
the dimtion of Huj unr* m the two halve* of a horizontal t*ile or air-gap 
being npfiosrd. |hr, »rl K.MiF, duo to the horizontal js>lc^ n trt». or physically 
speaking, thr m* iraxed and reduced Huxr* will tn nature distribute Inmivlvi-i 
aJiiiiMt uniformly over I tie horizontal p«lf* and air gaps, >n«i if these flmn 
are for the present pnrpno regarded a* greater nr le*s than the normal by the 
same amount, thrtn i* no »uprrjv»s*d dux to t* considered tlu rrm From 
the 1-1 M F.Vuhnwti by rnwi and dot* in Fig LI2 (A) tlwrv arise whit may 
he called pnmarv circulating current*, f pairing through r*h half of the 
armature winding ami uniting to flow through the top and N-llom brushes 
and the lead omnn tmg them. If r — the resistance of onr of thr ,ir branches 
ef the aim a tun winding, r* the resistance of one brush set. and R t the 
resistance of the ronnectmg lead, am! t t tw* the extra F.M l\ induce*! m one 
branch of the winding under two jades, 

t ^ ^ 1 f \ 

1 '*-• t \ 2tt t * f fi 4 

From the way m which Hu* primary cunTiits are'listrthnted (Fig. 112 (r)) 
the magnetic effects of the ■ i«!e conductors cancel out, and the net magnetic 
effvrt i* that due to the ampere-turn* that ,ur left a* shown in Fsg 112 («/>. 
By comparison wit.h the direction of the currents m the rintyig Vim an the 
poles which am also shown in lug. 11*2 (*/), it w>'t he seen tfcV on <4* acftw/ 
utafiMfic riti-Mif* of the machine (shown dotted) the general rr «ult n a strength¬ 
ening or " fnrwank " ellrtt (/*‘, /*"), mcreasing the nuniiAl fluxes on the one 
side of the vertical diameter (ttu« left side with the assumed pdantir* and 
direction of fotation)i and a wrakrmug ir " Lmi k “ eifret (if. If), reducingth* 
Huxe« on tlir other Aide of'the vrrtid.d diamel>r The line of the magnetic 
effect of the primary current* £ thus di*ptat'e<U.$<J" from the line vf the 
eccentricity. 

The magnetic result of the primary current* i* therefore ^rrciwdy the same 
as if the arniatum were displaced horuontally (in our case to the left), and 
all tho same phenomena of Fig* U2 (a) (r) are repeated with tecondar/ 
K.M.F/s and secondary curcml*. e 4 and I ¥ ilisfAu’ed through 90V Since 
S. poles Are now *lrengthenr«l and weakened, the iw w superp**Aeif fluxes would 
he represented by the tluxes of Fig. IJ * (a) ilisplaAV*! 90 4 . the poles 

remaining stationary In consequence the new secomkry K.M F * and cur¬ 
rents are represented by hgs. 11* (A) and (c) xunilarly iisplacesl 90* forwards. 

1 Abbreviated mainly from an alticle bv the writer in £In^hh4*, Vol. 72, 
p 901. 

1 /«eni i & E , Vol. 43, p, ItW; and Fkiiuu*, V*oi, 70, p. JW. 
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• * . 

«• shown In Fig. 112 (#) tad CO By analogy / t - ' .V , 

> T V| + 

», w K M F. due to the nufrwtianj ampere tuny *>* Fig. M2 {/). The 



mipidjc e!l*x.t at tW^rtfjndv)' curiVnU the ^iiiul rtufnf(K urcaiU 
of the machine my br rtwwfmw] by Fin 112 (d) with the umttore nitiled 
fomrti through 8tf*. It in thus displaced t(W* in relation to thj don of 
Fig. 112 (*), mad is in direct opposition ift them The secondary current*, 
thmlort, oppit the usso. from Which they ongwaUy arose, and portamtly 
QOsotntiwiM lbs elect <ft the eccentriqty. • 
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In stead of ovuidrnftf the effect of the c pffmary and ocoadoy aureate 
oo tbe actual magnetic arettiU of the machine, it would bo equally legitimate 
to the prevent case to credit each syetem with a two-pole field or a set of base 
ffmilar to that of Fig. f 1^ (a), but the former method of tree!meat tv adopted 
since It will le found to gf « tlio key to the oan of machines with more than 
four poles, 

The to tribulation of Lite two veu of current*, r #, of Fip. 112 (<) and (f). 
yield* the revolt ibown in Fit 113 («) and (6), with a resultant magnetic 
effect shown in Fig M3 (c), K, therefore. «, and / t be the primary KH F. 



(O ' 

Fig. tIS.' -Cttit^inctt [vittuiy and secondary effect in a * 

4-polls machine. 

(«} wx| (I) Th* cn(aMn<iUou *1 (d *q 1 (/) fr| Th* fwilOet aMr«*iiiin| inpw* 

Fit. I'll. Jwlort Irom {*}. 

and current due not lumnlv to the lup'tpoecd (lux rr prevent mg the eccen¬ 
tricity considered by ilwlf, but duo to this Ann si cut down by the an/wMWsi 
du§ to ffc and #, and /, be tbe secondary EMF. aafi current due to the current 
/, as above defined, big. 113 (f) represents the'actual result in tbe 4-pole 
machine. The " forward " ampere-turns, F, partially neutralising the effect 
of eccentricity, are prorartloAiJ in tht left-hand aprc* quadrant to the sum 
/, + /, J on the right-hand upper quadrant the forward ampere-turns, P* M 
am lose powerful, being proportions! to the difletmes f t - / t . Similarly 
the back ampere turns, afao neut^atiuog the effect of eccentricity in the two 
lower quadrants, am B proportional Co /, + and B' proportional to 
f t - A eery small ament /, will suffice to esdte a email E.K.F. which. 
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nilil in the lam rMutaac* of fbe dmut opon wlfy» it act*. will give a 
«®pwitiTtiy Urge wcootUry carrvot ; further, owing to the ineffective way 
tfi wWh the •wrwUry t/nperMurn* an linked witty tine- onginAl magnetic 
cwxum. * comparatively large secondary current mil be requited to produce 
much effect m th^way of culling downs!in; ffux*Jtt. to ea.eMne»ty. Con- 
sequenlly ike current /, much exceed* /,. And 'hi conclusion u nhown by 
l>r. LuloU is lwm« uut expen mentally. It J t were negligible, not only 
would the effect of eccentricity be pirtiilly hiini^ but Um the fluioe 
in the two upper Quadrant* would be iddbt'cai Ai.»o? g ihcTiwrlst-e, and 
Mriutarly the fluxv* at the two lower <jtJfc4r±ji!v In the so dial matluug, how* 
ever, the clln t*o always u if the rvcrntnnfy were nut only rrAiird m 
atoui^iI but ihiftrd in Am lion, being more of lew inclined to tl»c vertical, 
At if coin jug tided tif ft srrtird ^nd a4inriBMi1.il dl%|UjuntH'M« 



it Bup«n>c*»d^lu* 
wiling frem tccftDl/icity 


i , Ct.rr.at. d« ih^ 

« 




H Sjrilcm of circulating current* r Coraponiitu of Pig lturf 
Fir. Ill*—tffcA of eccentricity of armature in ft 8 pole machine. 

• • 


If the original displinriurnt were along an inter polar line, ii may be 
rrgankd as the result of a IwnthntaJ iinl a vi rinat difcpla* <*mrnt. In lh>* 
cane the currents /, and I t wutitd retain tin? uttw -'lativ^magtutud*- f*»r each 
component displacement. blit tfw tot A (^inenh tiaroug. tfcr hc»n*nnlal and 
vertical bruvh set* would then become eonal. 

, tl. Turning to tile £ p ile iffachinc, in wnuJjtheceti-nfriotY »«f lh« armature 
due hi wear of the faring? is in a direct Lae with a puli? (Kig. H4 (a) ). the 
redtHtion of the flux m yie upper pole and iU two adjacent neighbours due 
To the loegrr ur-|ap may l* reprrseited by a counter flux pt«'i.iw*ly analogous 
to\hat of Fig. IW (a) : iheiruiYUdl dux jn tlie lower pole i* similarly repre* 
tented by an additional local flux. Tbefte two fluxed are symmetrical. and if 
of equal amount, then withlhc Mine numerical nuMUtui x« were tm|ioy<d 
in connccttdh with Fig. 109, they give t^e K.Ml’. a between brusbe* ibonn tn 
FVf* 1H fh), and the fmmary circulating cantnti »f Fig. 114 (c) and (rf). 
"Tm brush oooneciing irog» are assumed to be complete artie* round thft 
commutator. Ooe-third of each rd| (shown dotted ui Fig. 114 (c)} tarries no 
primary amvnt, rises the brushes oqnrwrtftl by them thirds it* at the mm 
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winding on xh* horiiqntal diameter cancel curt, the load flues which they 
ail hmi u oppoitto dtr*ctioM and Mppowd equal in tnoouL Th»rt a, 
tbanlen, no r'.MK. in the honroetal bcanche*. and no current therein 
'lh« tiud t|j*trihgmm of the primary arcuLatin# currmt» due to Fig. IH(i(w 
amply obtained front Fl||. (*f) foblmg it over on a Vomnnul diameter 

end iddiiif the current* algebraically, Ihu* tlv currrnU m the upper ami 
lower braiu hct art 4k> f 37 d - NtJ-tt un|rrn (Fig I 14 (</)). anrl in tn* bon* 
nmtal or aide toonth*.* i|-4 114 - - 0. llie tyttrin i* *yn» metrical on either 

■nle of tlir vertical diameter, and tin? u/inUimg current t x « 8»Hi amjM 
[ W i in wriri through taro lifanclirD of itu* at mature winding', two 
i^mnectmg Jrudi. two biudi *rU and thr Wwi of two In itli vie Frt r x 
M the voltage induced in one of 1 he uj>i*jr or li»\*«rr braUvIiea; let t the 
rreiktamr of a li'*fitJj of the arm. tur**wmil’ll#. r # the reviUnce of one 
brush net. and l( t •»• i)ie roman■ c of one food short circuit mg two odjumt 

seta of Lrushr* of llte uiik sign. 
Him 

, ^ *'• '« 

1 'It j 6* k t *K t t 4' 3r # f H t 

ami with thr ulur» avmtncd m 
t luptcr XI I, \ \. /f c lv*n# iupp*wd 
ti» I** prat ri' ally nr#L#d'b\ 3r^ H f 
■ - U-Jr. and 



/i 


A 

1MJ.5.U 


J 3 


do-H .uiijerrs 


N..t only are all l*rtidio «»f the sim«* 
■ugu rnho-il to (lie Mine potential, 
but from the symmetry of thr arrange 
merit .tit are reduced to rrr»* ITicrr 
iv thureh*rc. null We the k a^ s of 
Fig «■« {'), tu> dinuir'tmii ..f (lie 
terminal Voltage, ^Uuc thr rfu\ has 
liern osMimrd to lx* a* much 
Ktrengtnenrd in the loan half om >t >e 
weakened in tin* ujipri h.'lf. 

Ill the iiii'iyinmrtru al raw* of Fig. KW, the side liranchr* of the armature- 
winding me 1 1 have «m K M V. ■ #,/3, ami the cu.rrni.t of Fig. I<» <.f) are 
(ibtAinrd by *ii[>erp<*uiig the two iyntrius of log. 114 (*), 1 he one gives m 

current 

f. * 


iu. 114 {/) Magnet)ring rffnl 

of primary um^re tmidiM’>r> m 
a It |ni|r ni.v hme 


M 3f, IK, | 
sad the other 


r [r 4 >, d- K 4 ) 
‘lw + 3r* > K f 


11-0533 


3(1-3 \ 


2-3/ 


60 4 amps. 


#,/3 
f + 3r, 


* 


0-0533 (I 05) 


- 22*8 amps. 


Hence in an ujqvr lwanvh thc.urrmt is 60-4 - 11-4 + 40. and in a tower 
branch 2 &’2 f M-4 — 37*6: m tfie side branch. 34-2 *■ 228 » 11*4 amps. 

The ampere conducturs of Fig. 1 14 (r) as ai ling on the magnetic arcoita 
oi the machine mkuce themselves to tUe snpc layer of Fig. 114 (/), since 
any two wires carrying current in uppu«t« directions ami iiiuaetHdily 
situated on cither situ of an interpolar (lotted hue, so fat jla that magnetic 
circuit is amcemrd, annul one another. By comparison with the evoting 
wires on ilw jxdee it is seed that the amfiere-comlucton which are left have a 
forward (/*) effect and a hock Ifl) effect on the twouppfi and Imrerdrcuitit and 
twice M strong a forwonl (2 t-'l and back (2 B) elkct on, the ode cirvuiSs. 
The total .effect from Fig. 114 if) u then to increase the da km do the toft 
«td« oi the vertical diameter and to redeye the duxes on the fight-hand ads, 
i t. to alter the pob? strengths on a line at ngFt angles to the has of the 
Momtrkity as in the 4-poto oaag. And this to in (act the am meal tow 
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ia the Uf^e o eei d meltfpolar a* regards tk ftnt Jras the primary or- » 
cqhiftog currant*. A* offer*, ihw dbct vo*l4 be reproduced by tmaginiag ' 

I be vttMnn to b» displaced honioaully to the left, giving n*r to the toper - 
pared Ibim of 11$ («). The only diflmac , inkt the dupUtement 

t t * 




• 

would oow have to be nude not to the dlmtline oi 'a pole, but alooLan to ter 
polar line between two poke. • CoqpequedUylthe distribution oTthe mw 
wp a pol twvle dee* not/aactiy reproduce that ebown in Pig. 114 (a), 
hot req uir e* a new diagram a* given in Fig. Uft (a). Thu difference in the 
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piatm of tbcdwospprrpnaed ftuvti ti a cfcjinrt^ri^ic of (he machine with 
an iiwwn number of pern of poke. 

The ljrstem of v-co'idary £ Ml"* and current* is shown la Fig. US (F) 
Mid {(}. The E M I'. int* the current iit the circuits «m the honvmuJ iluoxter 
rvmet be douWr that of tfW; other LiuuJum of the wiiubrlg a* indicated by the 
double crow* Mol douMr ring* with central dot. flic utxUry cunvnt u 

/ ■« t% 

* t ) :V| i U c 

The current !!/, «.r» ►•»**< l^u« from nor sol* of tlu* *niwlui« to the other. 
‘2/ f by a direct i.«>fuir< ting lead and I t tn# two iofmertmg «**Lh, touching at 
a (*u»h but ii«l rr entering die armai urc winding wm> the j*»Tr*nti*h of the 
|ie>int« in : an* the urn*. f> 



It t(t> 



(b> 


u 

|'i«; ] lei (\iinUin->i pnm*r\ 
aid I wcmuUry «Ne« t* in a 
i» |j»rlr ftt*M 

(j; riv f•>ni‘«iuiir>4 t |.| 

«n1 l l< tl* (*|. 

ft* ) h* r**.itM*0 nu<rwli)m/ 
lull 


The tnagurtn elM-l o' the seu^darv curirnt-turns a hen grouped on the 
utigmal magnetic circuit* leave as thnr effective residue the groups diown 
in rig. US (4). from wtmh i.y ciunpanum with the /•vitmg wire* oft the 
pole*, it wd) hearer* that (here i* a forward effect (/H on the lm» Bppcr circuit* 
ami a back (A*) rfln t nit the,two lower. totli tem^ng to compensate for (hr 
originating inequalities m thr p>lr rtn*i|[tl» The flum due to Fig. 115 (4) 
'would Again reproduce Fig 114 («ib but m exa* t^-ppiwjtiun. 

If the original displacement had leen along an intrrp<>U r hr \ the primary 
circulating current* would have Wn given by Figs. US {6H4. ***d tb© 
secondary by Fig*. U4 {i>] {£). 

The combmatmu of the primary and urcwnUrv micmi in the present 
case, i.r. of Fig. 114 (rl and Fig. llS {«) yirtd* Fig. MB (* ). Tbdt net effect 
on the original magnetic circuit* may to obtained bv aldiot Fig. IKS M) 
to Fig. 114 (/V but it » equally and as yaady obtaiuel from Fig. 114 fa), by 
cancelling out pair* of wires which carry the name comet .a odpoatt* dxrrcboas 
and are lymiwtiutily situated w either side of an inter polar bin ip to the 
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cfowD-anc v it'arm a n m ir/jv wst; 

emit* of a pule. Thu* 1W (it) u (^uivalcnl to lt{»' I !• ffl and IH (/) 
combined, although tlu» nuv not he evuimt K fir»t Mght Tb« ip]VUYfltly 
fragmentary nature of ibr *n>up* of aniprn- wur* tn J**p 1 IS M and 114 (/l, 
*ad their um yin metrical dmnbution m re L Hun tf< Hy *naguriK nn uit> thut 
disappear when th# complete n-sult i% r%. M, off/ mrm no real Uu*i 
It* the c*fi 7 r<lnevs of tLr metis '«1 mi | noy id 1 | *i\, « yrn from l-l(f. lit* (fcl 
that ax before thr final result i\ j p*tt *5 espiAli/aiu*. of tJie duae* wlmv* And 

below the hcnroiita}. .md * sic iua! di-plac mim* k .f if. Miiutitre along Mime 
hne in< hr.til t<* ihc srru* a! On t,nh nujjttcfiv : m nit dv « H>>iisv iimjiciT- 
luim tlur to tl*i» ori iiljlini; lorrvm.* ajv \ i«u><r;iou.ti riihrf in .1^ # « /. 
of t«> 3/ 1 V l «*r •* /j. <i> m;wlnl 1< >t r.v fi si\H, of thr* > m ntiifciedi^ f'of 
l|U,tntMiin |‘ 14J1 ul,»l)nfls lin y n ' iU luivc l>* t*r ihllltij'iln! Ill i'Ai h i4Sr |iy 
n«wr lit tor to t.ikt* mto Ansnmt the flkt lf.xi tjiry ‘l'» i»oi &ilt>iu.i11y rmbracr 
ill** rntlte tluv of tin* iirvuit • 

Jo rsrry saw* whm <*ttn* <‘n M>rim - f . ir ujaIi/'I < ri tv tits Ha** limi ileariv 
e*t*1>H'shed. the iun.ul .ml In. 1 'iw 3*^0* i im Aginary 

MiprrgMird fluv-s i!w i*> thru' * urrmts as luirrmrdiaii- ><rps m tlir .ugumt .it 
IIMy lx* lln|rli < inl With, and tlh 1 .\1 lmlmil invrltit v«|rlv lllC 
amjt-fv turns .*■» .*<ticig • ti r.k|) >'ir«uit m 

Ifl I hr i .iv AS fi;lghl l< r\jr. !■•<!. Jl’nn* i? a. 1 v fr-M lllWri tlir 

i |x>|** i iv in ll.At the 4i'| l lA*r|||Pitl UhitI) ;•* V ;tn.|!lv tlir ihJiiIVA 

kill of tlir " ii>r«.tnl " of strriigi liming mr> t f i of it i lii’ ]iiiit.mv < urrmt turn* 
**n aJI lilt* tit' mt*. to ill*- H-lt oj t lt^- min >il au» 1 iln o tn >p>uv!nig !■,»» k Win t 
on Alt lh«* nnmts to iti« right *.t tH'* vnln aI is otn* Ai’.un iti i^mi Ji^r with 
a pule r..io«{u< ji||y as m tJif* 4 |ml** m.u Huf tlir addili- -ii.tl ► if* 
flux aim h a-<»M nj»:t-s»-nt mu h a fhspl.u rij<r-ni of the Atm.iiiiit* rvpi'Ala thr 

oriiCiiutl slip-!posed lliiv li-tm do'iiiU' ity m its -t:'tid*niioii {AllHoiigh «*»l 
in Alitor in- i ( the Lftt^r U* if<,st*-d tlit*".igti a light .mgk llut tn ««<ntriw1 
Willi a 4 Js'!< J»W t:ll:-. -jii-t- the j-»|es almh .%!*• Hn»sT weaken, .j ,| 4 I sltTlIgtll 
i nnl liy ihc li'inr- til-il *1i p).k< rmmt .i?«- <>| Un- siilif |« ].inlv .*• M)i>sr wlmli 
Art ur.||t) Ill'll Alld stfr'iglhellrd 1 ‘V tin- \< itK.ii i , nui;l, llli jiflllUfy 

Mi|rt;«iw>l tax roust N' lof.it* >1 htdk>iPifi through SHI msli Ad o| h'rnigiU, 
m i-ftl't to nvc ihr v«i*mlAiy I!u\«-h SmiLnlr il«f vom^uy H M V * 
And i iirrmls .nr aIh i -jitrsi tii^d in <ltn. Ii^n l»v tin* pi iin.it v J V I s anil 
iurru!i rofAi^rl f-t, h:t, 3 J.- tltroiigli Jk>'. 

1'fir (1isirih«U"U of * minds in the H Iias l- ■ n woi]i<-d n^t liy lli»i 

anlrt m thr At^tsr iu»Tlioted Aitf*.tr Irlofn.iiiii, \‘*J 7*. |> and n«*it 

tmf hrfe !v* ii'IimImI • 

Ihr gne'TAl <<‘0<|nnoj» for all J<ip aiiiud |'iu]ii|k>].i(s ji ax fi*ijt>wu 
l*’rir(i1n< its of til** antiAtiifr within thr Um hj* unhaUnt'd 1 M f-.S 
and a •>! |4iui.i(v rm uHinii; «um nl 

'Ilk* tnAg n^i: > rt. il»,-v- *-t t* ri<itn*ii* 11 1 .* Jins* ' * n <-nr *.ii!r of tin* ifii* ^ 
Ilf %Htf>nlf)< »tv ,iT*f Ml akriiH lie- thi*rs i-t> tin- otln-f sjd* UftKeit t* Vlttllollv 
rf]mv,U?nt to £ dtsplAcrmrii^ol thr .irniAtiftf .Jorij; a Hn>* af rigid aitglr . 
1«» thr Imr *<f iurntnuts' 

"Jllr ft!AgIk tn f of this v If tif.J i1h|HAo r>!i M ^1; tl|U •plrm >if M’fofld 
ary hll.T '» ,tn«t < urn ids anAlogmts fo th* h rm* i, and in |ho • aw* >d mar hutrs 
with an rvm immln ^ purs llv irj-'anng lie m tn vitiir larger 

*<*lr of v.durs With ac» t«W nuiidni *>f |*oh pails the iiri ..*1 <1j spj.vrmml 
Along An intnj-iLxi hue iT i hr teal ofrntaLih is in hn< with a f-r)r, or 
t-irr wnf. m ^ 

The inagnrtk: elfr»t <«J thr yiondoty* • iivklatdig i arn uh ii m pxai t 
«l>fNwtlkm to thr ungiiuJ pfftit uf tiw#rm*iif:v.dy. And ;i.vtrally wija*x n oyf 
Hie eombinAUofi \*i thr y»o «*tx **t intfrui i« thr v 1 ua) inArhmr means 
in maklv an didnlrution of cuirrjd «w<h that on i*ach rTi«K»rti< 

nreait thrrp i*> more <i lm^ than ili<* n'*m.d mmitirr <«1 «m]<ri« turn*. Thr 
AiMrd or sfthlradol amfa-rr tnnt« Jsi|ti;illy r«|iiAJi/e *41 a rinars from thr 
sreerii ps|<». *iu| the lx ihr wiini* as if tJir afiwatnfe were diapburd lo 

a Irx tr drgice andadotig iMime hue me lined to the true brw of tlir rximiriaty 
The larger the i*eunitary rurirnts ax mmjiunl with tins imitiary, the greater 
the equaliration and 11 k niorc nAirly^hr remaining am all virtual displacement 
« akmg the line'of accnlmjty. 
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* #1X1 ISl'i ll/'yf VKKFXT A KM AT IHh 

* 

| I, Uuninatkm of armature core to avoid eddy-curraU. A* 

mentioned in Fkiptrr IJ[ r th« iw of .in iron supporting fore to 
carry the .irm-ilun- winding r'Uicr necessitate-* it* nitation together 
with the rotating wi r es, or, if the armature is stationary amt the 
t revolve, implies that its surface is swept over by the 
moving hjld of line*. From this there fnlWs the necessity for 
laminating luc core. Whenever a metallic mass actively cuts 
lines of flux, it iienmios the seat of induced K.M.F/s. which, unless 
prevented from so doing, will set up i lw lnc currents ; the direction 
of these in that part yf their palh whore the E M !-', is generated 
will he at right angles to 1 Redirection of the lines and to the direction 
of movement. If, therefore, the < or* whereon the active conductors 
are wound N-. formed of a solid nieUl mass, the latter will itself 
act inductively, and although the K.M.F.’s induced in it may Nr small, 
yet, owing to the low resistance of the numerous metallic, paths 
open to them, they will cause large eddy current* to i irritate round 
the cure ; the latter will then N-eome lu-atrd. and power will N* 
wasted equal m amount to the product of the E M.F, and the 
strength of the eddy-cumin multiplied by the vom»c of the 
angle of lag of the latter. In a solid drum armature the ctldy- 
ciHTents will flow in sheets along the length of the iron core, in 
opposite directions mu|pr adjacent pole*. The current-density will 
be greatest near the surface, where the rate of cutting lines and the 
induced K.M.lOis greatest; throughout the entire length of the core, 
and especially at its ends, the current-sheet under one pole will 
curve round on eitluv side and again unite to complete its circuit 
under jxdrs of opposite sign. In all cams the direction of the 
eddy-currents on tire surface <»i the rote will l;e similar to that of 
the useful currents in the active conductors, since tbes* latter are 
expressly arranged to obtain,the best inductive effect. So long 
ns the metal core rotates, or is swept by the lines, it remains impos¬ 
sible to prevent the induction of E.M.F/s in its surface, but it is 
possible to interpose in the paths which Jhc eddy nurents would 
follow such very high resistances as to prevent their attaining any 
appreciable strength. This is rtlected by laminating the core in 
planes at right angles to the active conductors, the edges of the 
laminations being presented' to the lines of the field, and each 
lamination being separated from its neighbours by a* thin layer or 
covering of some insulating material The mass of metal is thus 
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broken up it the actual seat of the EJf.F. and transversely to it* 
direction, and ihe subdivision must he especially perfect at the 
periphery, where the E.M.F. is greatest $inr.il E.M.F.'s will sijl! 
to induced transversely across the surface vi each lamination, lmt 
they will to prevented from acting Minimal ign.ilh' or in series hv 
the intervening insulation ; the current* that c*n to set up are thus 
reduced, and likewise the power ftiat isU-d icp Oiapte|XXI. 

§ 17). The tlfinncr Ihe laminations the less will to Ihe amount of 
the eddies, hut the greater .the k*ws ff siuce hv the jjisul.it ion for a 
given over-all length of core, and the^mgt to tin advantage of 
further subdivision is reached when question^ d the o»st of manu¬ 
facture or of the Joss of space outweigh a juisMble slight gain in 
efficiency. 

| & Dtoca tor drum *nnibim.~-Thr nq.ifrenw*nts are 

met hv the iw of thin dims, either threaded on to (he arms of a 
irntral huh «<r keyed directly to the shaft or assembled inside an 
external case when the armature is the stationary member. Each 
<orr-dw [s lightly insulated from its nwightoiiis on either shlc; 
hence tlu-y itiak^httle or no contact with each other exorpt tlnough 
iheii connedi"ji with tin*shaft or case* and the passage of eddv- 
• in lent* along the surface or through (Jie mass of theVore hum 
<*ne di**c to another is very largely pi evented. 

I he <lw* afr -tamped out of soft annealed sins*!s of mild steel, 1 
and ate afterwards notched with slots fot loolhed armniim-s. Their 
llmknc--. d««-* not •* ml or No. «4 {'’heel-imn gauge), and 

m general tinges■ tot ween tMKW" and O-Olfl" (No. 28) or„siv, 0-6 
and 0*4 mm.; Mow I h« kilter limit the i eduction in the eddy-current 
loss within the core is so slight that it doe* not compensate for tlw 
m< teased cost of the dtos and the greats labour in assembling 
ihem. I-p to 4 feet in diameter, dtos may Ik* procured as < nrnpUic 
rings, each lot mirft; <>»<* stamping, but for at matures^ hove 40 inches * 
in diameter segment* are preferably employed. as the larger discs 
buckle somewhat in the annealing pr«*ess *nd are unwieldy lo 
hanjir Hu* waste, too, is less when the width of ihe segments 
is cho**n to fit ih* size of the sIhjMs frniti*whrh th*-y are to be 
# stamped. In sliced armatures each tq’ment should, if possible, 
contain a whole<uitntor of teeth ajjd slots. A small clearance of 
a few mils i* allowed iA the widt^ of a segtnent as compared with the 
* purport ton of (he tire inference corresponding to the number of 
segments, ^lit segmental discs arc then assembled together into 
a ring with butt joints in any one'hyer, hut ** arranged that the 
joints of neigh layers do dot coincide in position (Figs.124 

1 SeeOttpUr XIV. ff 4. 1. • 

* TVdiiuity beyi|7ii|(r^miitoi (lire, tm,, Ihe weigh! rev «ipetficul Miun 
fexrt of the thicker dimsnuda i» f lb. ; a gncknoi of 0-020 (No. 28) ii truWf 
adopted, it* wotgtit per w). ft beutjfl 8t lb 
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and 127), Eatrh disc is either coated with insulating varnish, paste* 
or paint, or is effectively separated from its neighbours by a n, inter- 
fWMed I bin sheet of p^tper ml *>nt to the required shajn* ; or the 
oxide, which forms on the discs after heating, and wiuch is practically 
a imn-rondrif lor, r lied on to insulate the discs. When varnish 
is employed, the di*«rs are*, either juinted by hand or are jM.vsed 
between rolls flipping into a hallrof the varnish *, if heated and put 
under [Hessurr, they wilt then adhere v» tightly that 1 the whole core 
is formed into a solid and conduct mass. After allowing for slight 
inequalities m the thickm*-^ pf the discs, and for the two coats of 
varnish, one on either sole, and measuring in all ah nut O-OOUG", 
fg>m 90 1o 92 |x?r cent, of the total cross-section of the core may be 
toyihed nri .is the net area ihiough which the magneti* flux pav**s. 
" Ihm dineddiscs are largely supplied by Mr*sr>. JoM'ph Sankey 
A Sons* in whi* b one siil»? is covered with a thin layer of an insulating 
paslc. J'<iper, when handled as Mqurate sheets to Ik- laid between 
the discs, i •iiinot lx* conveniently thinner Ilian Mir or twn mils, 
or 0025 to'0*05 mm. ; p lhr net vnhmie of iron in the rote then 
amounts to 88 or 90 jx*r o rit. of the gross volume. In the case of 
toothed .timatuii‘>, an extra allowance of l or 2 per «ent, must In* 
made for im-gulaiilies in the assembled di«s, and a combination 
of the two methods is frequently employed ; a thinner ]U|irr v 
less than I mil in thickness, is jutted by rolj-. on To t 1 i*j sheet iron 
with vai ni**h .ind at ihesame time dried, I*■ fore the dw > are punched 
in the stamping press, I lie teeth them remain well insulated right 
lip to their edges, and the work of clearing the paper fr^m the slots 
of the assembled cote is obviated. ' 

Annealing redui rs the lo>s by hysteresis, but it is not practically 
worth while to tc-aunr.d tjie discs after the teeth have tnen stained 
oqt round (heir jH iiphei v, if this [umes* is carried out separately 
* after the inside hole is punched, lompfliml dies iimv also 1m; 
employed to stamp out the in>iile and tfri* slots Mmullaiictuidy, but 
only if Uur numlx-i of stampings in view warrants the first cost of 
the expensive die required. More usually (hr slots are punched out 
separately ill a disc-naUliing <w^ss. , 

| 3. Oocstruotion of oon^uaaa-currani dram umatan cons. ~ 
We now turn to the coifsider.itton of rotating armatures, which 
to » large extent cover the si my ground sis continuous-current 
machines, since in this class, as opposed to alternators, the armature 
is invariably the rotating portion. 4 < • 

In small 2-pofe drum armathres the discs are usually threaded 
directly on the shaft, nnd held'in position J)v a driving feather 
running along the length of the core, At the two ends of the core 
are cast-iron end-flanges, between which the discs are tightly 
compressed ; one of tliese is first driven home against a collar on 
the shaft, the discs arc then assembled, and after compression by 
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hydraulic ot mediawical means the second cnd*&n{£ is slid on and* 
secured in its place by a tightening-nut t*Tcjying on to the shaft 
(Fig 117}. Tin; end-flanges are l>rsl keyed I - like ahait to avoid 
all risk ol theif working loose. ftu a gi-*.n armature dumctVi 
the maximum radial depth of uisc is thus obtained, hut in larger 
maclimes, isjM-itilly if mnitijudar, su(Tk ieid* • M*-*s-srction ot iron 
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In* 117 Small twnpulc »lium I'm.ilui* <..j. 


1 -, VHIril Without Using the J\lll depth «l dlf1< H ||> r hrlwrrtl the 
(.olnwof the dl*‘ and the i.oliUs of the ‘-haft. Hit* dr*.', may thru 
]*■ pit ftvd with holes tow.itds then iiuirr edge in o»drb to lighten 
tin tn and piovide air canals (big*. 118, 188, and 3Ml>» <n tlu v may 
1 w t ut away on the jiiskL', four projecting lugs being left, whii h lit 



1-1*-. I IS* Jinim armatiyr lilt* 1 1 /. I IS I *r uni attnaline <Ji«' 

• with air with mt'Tiui l«C’. 

• » 

t * 

* exactly on to fmjj flal* niiUrd^akmg the length of the shaft (big. 
118). For^iryuitnres tlwive 22 inches in diameter it is < heai*r to 
employ <Ji<cs (if lesser flepth supjwrted on a cast-ijon huh, which 
is iitieif pressed hydraulically on tn the shaft oWr a strong key, and 
the use of such a hfci is often extended to still smaller armatures. 
Keyway* arc stamjvd on ^>e inner jyiiphcry of the disc* |o lit four 
or more am* o^ribs which project radially fiom the central sleeve 
of the huh. The latter abuts ajsjairwt a collar on the shaft, and ha* 
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an end-flange cither cast in one with it or fastened to it. The tip* 
of the radiaJ arms are turned in the Uilie to the correct diameter 
to tit the inside oi the .keyway*, and the sides of the arms are milled 
U the correct width to fit the notches ; the urc then slid over 
the radial arms anil compressed by ttiv second md-flange, which 



• * ' 



Fh». IJtO.—Hub arul tmlfUage of rtmMipuUr drum armature 


is screwed directly to the shaf 4 , or, in 1 aig r machines, is fastened 
to the hub, making the core,entirely self-contained. Fig. 120 
shows a large hub for a multipolar machine, with one end-flange 
cast on, the second end-flange l*ing shown "at t^e side, and in 
Fig. 121 is seen the same hub wttb the discs partly assembled 
thereon ; Fig. 199 shows a hub also-with one end-flange cast on it, 
but at the opposite end to .the coupling. In Fig. 122 both 
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end-fUnges are separate from the hub, the actual combined huh and 4 
end-flanges being shown in Fig. 123 without the core-discs. A 
fixed end flange has the disadvantage that *♦ He vents the milting 
of the arms to their correct widthV the Axtren* end, so that n 
central hub with two detached and similar end-flanges ax in 



Fig. Ll- Contdivui briiflj cm hrh. 


Figs, 122,124-126 is Jo lie n^nmmeode+l. At either end the com- 
j*es*ing flange may hc«fixed *o the bub by Muds as in Fig. 122, ot 
by bohs ninniftg from end to end yl >he core underneath the discs, 
as in Figf. 125 and'201. Other ijwthfdH of fastening them are the 
use of a split ripg ofleircubr or rectangular section which is sprung 
into a recess in the hub where it js locked by the pressure of the 
discs, or a (pad of bayonet jtint, ftie flange being turned round 
through an angle after*!! is slid on to thf hub ; in both these cases 
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^ the disc* are kept- under compression during the process of faring 
the locking arrangement. 1 



i 


When I he diameter of the armature is so large that the core must 
he built up out of segments, these may be li k ld bv bolts passing 
through holes (Fig. 124) near their inner edge, and clamping the 

1 Ip. tivinptnM, Tkt .Vo hiig* C* of Cewrilwt, 

pp. 4tt-J0. 



eONTWVOUS-CVXXEXT A JMM 11 RES 


275 


> 


segments to the end-flanges, or the discs nwy*U kqytrd on weilge- » 
shaped projections from the hub, with the compressing bolts lying 



|-UJ !-* —H«li »*|fl Ol .IfIttAtllfT* # 

* 




Mow tin- ill*;* {!%■-*. 125 and* 126). lb' - end-flange* are con¬ 
veniently ma<ie in several pieces, each being soured against 
centrifugal i (*ce by screw* th*ou*h g a flange on the armature hub 
^Kig. 124], or by lugs Engaging beneath a turned ring on the hub 
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v (A. A, Fig. 125). Efch Moment mud be held by at least two bolts 
or keyway*. j)r convcmly to Fig. 128, the segments may be 



dovetailed to tho arms of the hub by wedge-shaped lugs, so as to 
protect the dues bom radial movement (Fig. 127) under the action 
oi centrifugal force. 


F*o. 126,—*rm4tur* c<rt*% m ciwinictwo. 
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Larg? armature hubs ust ally have an extension at one end to 
carry the commutator sleeve, as in Figs. 128, ta£ and 199; or* 
I be commutator is boiled up to the arms <^i the ai mature link 
Very Urge multipolar machines may hav a double as hum! hub. 
a* in Fig. 12a, with * 

the nave split to avoid 
contraction strains, or 
they may l>e built up 
on the fly-t%heel nf 
the driving strain- 
engine. 

in small machines, 
if a tightening-up nut 
is employed to hold 
the armature tore in 
place, it is advisable 
to lock it by a s«-t 
screw, the point of 
which enters the shaft, 
since otherwise there 
is a possibility of the 
nut and discs didnr.: 
back through median 
n"ii vibnition. I he 

nuts bidding end-flanges m plate nut b. fastened |*v spin pins 
bv riveting *>Vr| Ike hea<fc «if the Mwb ,.| bulls 

At either end Ilf ihr armallife, rspr'lillv w Ji<‘(| tiii>lheil^1|ieir ale 
idtelt plai n) i.lje «ij s|« *u II rill pl.itis W jm )k ^}\e losiippui | the 



UiV.J 


\\VU III/. 


}-»»,. j2h rv^ijjfd i»*<« siijij^ai 


thinner Ujmn, where t^-ey art* driven up against the end-flanges or 
end-arme of the hub. It must ifbt jjossibjr at any part of the 
surface to force the point of a tlfln knife bhd**lnttww-njhe discs. 

In toothed “cores, if the teeth arc long and narrow, it becomes 
advisable to back them up at the ends of the core with prong sup¬ 
ports of brt-*s <ji malleable cast iron (Figs 126 and 128). so that 
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m 

not only the body el the core but nho the teeth may be firmly 
compressed. Otherwise tlie distance pieces forming the ventilating 
openings which are n*»xt to Ik* described are not tightly held between 
the teeth, and ii of it or they ipay under strong excitation vibrate 
slightly as they enter nr leave a magnetic hr hi 

At intervals ol snjn* .1 to 5 inches along the length of toothed cotes 
(unless of sihalj Mai|, nit-iluM* or ventilating puv'ugis an* ha tried by 


/ 




^wiii 


% 






i mi, 


v ... 


m 


/,,|, t||| UttW** 


. ' \ *V V : '.y ; '* 

f hr :ii I h. * ■ 

no 1‘Jt* —S|ir»l WrUlrtl V«lUll<Ultig #li*’ -("t ^irni.itIII- wilti *< 

nil# ami hjukt (tor ■M'ginr'u^ai MaiHf'im;'-. 


If 4. 


ro:u'»u 3 


distnnrc-piii'es between neighbouring discs. Such distann-pims 
may be ol thin iron or brass of rljannel or L section rivetwl <>r sjmt- 
wv tiled to a core-plate to form an air-disc as in Fig. 129 . nr a number 
may to cast together in brass to form a segmental pronged strip, with 
wider lugs on its lower edge by which it is merely hooked under the 
core-plates as the armature is being built up (Fig. KtO). In either 
case they must be mechanically strong, rigid, and well-secured. Free 
passages from j“' to wide are thus obtained from the inner 
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ur-chamber within the core t > the outside, » that the sir is drawn 
by centrifugal force through openings on the sbrfcc? between the 
groups of coils in the slots, the numerous Ryles’in the air-duct* 
toning a very effective fan. Ttuyir mu*, nave ;*n unimpeded 
entrance into the centre of the core, 
in smaller machines through spiiil 
holes in the end-(Linger It is 
especially important lo keep flit* uV- 
way through tfte Tiarinw toots of the 
teeth as free a> jtnsMlih*. ^%tli.*t|Tle * 

dl*l.lTM«v pieces shield thele be thill ; • 

suite without silt h iHtsautions the ► 

. . , . 1 . , • *»■. hw> \<-uuUtii<K 

usefulness «d tlie ventilating discs 

is almost miUdud • 

big. IJ1 slums .» i Minplett'd <*>ii- with iliiiy ait- i-»?.ihd similar 
air-dm is are uU‘ srti in bigs. 121 and 2m Ventilating jMs>agi-s 
»il e.u h etui of the core lietvovn the vtid flanges .md di*s (.is in 
I’lgs, 125 and ill) haw cmi'id*-! able value, jtid do not take ep any 




Fi«. |:i1 r'/uiijfleOd lifting I'*'11)i‘l |*i iiu^.m 


part of tile VdlWiMe role-length liiyler the j- le fare Most of the 
cores illustrated aliovr have oiger ring* n*i «<n tin* end-flanges to 
catrv the end-conne*t^rs of barrel winding, and the* ribs which 
support th*M*iings sr*vr as the bLutrs of a fan, «»r carry wings 
(Fig. anl^ t( > dissipate* tlie heat from the winding 
| 4, AiwUdm g cddj-CUfTOiti. -All b«dls used to hold the 
core in position and passing through the mass of fh<- discs must 
cither be so placed as to W: nij hy ;i* few lines as possible (i.«. near 
ti> the inner cirMcr«hcc of the disc*. well out of the path of the 
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i magnetic flux, as in Figs. 124 and 121), or must be insulated from 
the core and cud-plates by fibre tubes and fibre or mica washers 
{Fig. 132) in order tcxobstruct the paths that eddy-currents generated 
in them would follow {'ride Chapter XXI, § 18). 

In all casts cart must be taken tliat the end-plates, end-flanges, 
jmjjportirtg hubs, etc., arc not the seat of eddy-currents ; so far as 
possible they must be kepi without the influence of the magnetic 
field, **nd heiut in order *o avoid eddy-current# set up in tire thick 
end-plates by reason of lines curving round from (he flanks of the 
poles into their outer surface-*, Jt \< usual for the axial length of the 
armature core to exceed that of the |sile-f*u.e by to J" at each 
end. In drum armatures will; discs of considerable radial depth 
very few lines j>ass across from inner sale to inner side of the discs 
through the air ; yet if they were worked at a very high flux density, 
a small ;*(renf:ige of the lines of the field would rri*s the internal 



si 

scih tttp 


I u 

Fin. 132. Insulated lmLts. 


ofx'.ning ol ftu’ discs. Any such interna] held would remain sta¬ 
tionary, and would therefore be cut by the arrfls and sleeve of the 
central hub with consequent eddy-ctyrents. The loss occasioned 
thereby would usually Ik* small, but is otn^umong other reasons 
which limit I he permissible flux-density in the core. On general 
grounds, as well as to vninimizc any snrh loss, it is important to 
lighten tlic hub as far as may In* consistent with the maintenance 
of sufficient mechanical strength. 

Again at each stage of the building up of |core the gu-aliM 
Care must he taken to ensme that the edges of the plates ate in l 
brought into eont ict ; the dies for punching the sli*ls of toothed 
armatures must In* kejit sharp, And any burring'at the edges of the 
plates must Nr reduced to a minimum and afterward* removed. 
By such attention to details t is alone possible to secure the 
minimum core loss from the eddy-t irrents that still persist. 

| 8. rtrtacth of imtm oorti. -Vhc crnthiugrl force of a 

pnrticto ol dims m *t d»Unc« t from tm aim xboab which it u mtAtcd with to 
xtuftUr velocity of at radians per seawl being mo'r, the gtranU expression 

W 

for the single resultuit ft-nlnfugxl forte Acting on a oody of m*a* .Va¬ 
in & direcUoo r*tixl from the axis and puung through it# centre of gravity u 
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State o<r *» t, w* also haw 




F - 


. 2*.V 

Afjun. Mil u w ■. 


r. 


F - 0-0109 - A V. 

4 r ' 


(«*) 


[W 


Here r # u I be distance from the »i» of the centre of gravity of the t**ly 
tiffiiiJrreii, and # # 11 tbe velocity [« sevond c<»i 7 e*|vnubng thetflo. Ity 
llev formulae The . enmfugal forte from a wjutralt- nias», as a single p*Je 
on {rotating field-magnet, u fouiwl. Nfc'luchever form i* u*rj. muM he 
known either by approxim;itr*c*ktnaiii>n or from the duift V.-tion* m the < 
of bomogenrs/in Wnlir* of regular >haj>c. Sind *. ^.V nuclei atom 1*1 iwh |<rr 
set- from gravity, must be expressed in 4 .ittilar u^.i, t < m f«*i nr uu.hr* . 
F is thru found in the unit c&oaeti for Mu* weight If 

If the rore-iioc* id an armature are tomplrir annular nurv they ^orw a 
Ij'imogencou* cylinder, thick or thin a* the cav* may 1 «r s«! l-N-.iid to a i utial 
force of uniform intensity over thr whole * vhndmat .0 a fluh 
layer ; the radi.U crnlnfugal fierce i* rnnilu lor rah rlr'u-ntoiy sector of I he 
cylinder, and acting uniformly round the »y finder 11 exactly analogous to 
a fluid pressure within it* interior. v> that it uwn a le^ultaut bunting tension 




ac tims any radial v^lioti of the ivlmdi-r. 1 h.* ladial force of each email 
wedge shaped element is balance*l bv the i^utUul of Hie .iriumferefitial or 
hoop trasion* everted by ttie neighW'imhg c on each of »t> two radial 

stilr-suriaro*. together with the difb reive <>J radial stress on the outer and 
inner face*xd the clement when the force in tiafisnultnl fr<rm layer to l.iv«r , 
through a tnnVcylmder lji all stub cav' "| A unihrtrn iJdial f*»r«r, whether 
external or infernal, if f t lie its value jirr um! anyk- »n < u< idar measure, and « 
if any diametral plane ,ff> lhi--ugh the cylinder he lakrn (Fig l:W), the 
rfMiitant jntiv acting an>w the double wctioii An, (•!* 1 * the sum of all the 
normal component* f r Mil <r when lie individual f'T ■» of all the similar 
sectors of unit ;mgupr wultlj ar^ revved 11 light a*iRle> in Hie j»Unr in 
rpitMion The resultant bitting Ion* acting «n the douMe rr'»« w* lum in 

therefore /, . | ’^n 'i . d« *. 2 !/ r or on II* single, section Ah oti ihe n*w 

Mile i* liaif this* value. »a/ t Th«- tidal contfihigal force summed up all round 
the periphery av acting indrjvcidentiy in a radial direction ntt each small 
elementary sector W ing syvnlmbretf by’/ j. the f»rrr fvr unit angle in nreular 

measure is J r » J-'-. II 9 1* tile nwbsd r|rj*th of the c ylinder and t> its tireailth 

in an axial direction, the single crrw»-*etti«rt it «d. # Hence the stress on the 

p * . /. 

material averaged over the wct>m “^•J f 

/aver ^ 
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.Or, if it be preferred to cmukW the mteaeity M the pr i« u re per next kafth of 
arc it any rarlttm r. and per a nit breadth lit the axial direction, aa is more 

usual in the case of a Wirt shell ,t*. p ~ . ■* “ rvident that the resultant 

Utaoo on unit breadth of »hr clouty* a«« vetwn u equal to the intensity 
H pressure p multiplied by the projection of the wituoreV of radius r on the 
plane m questvm. i t. by h • f lt ; wheruc the resultant tension is pw per unit 

pt f* 

breadth along the cylinder and t^u* ctr»-ss nn the mat r rial u i, * - ■ m * ,. 

• a tt . 'lab 

The t,H»l centrifugal four p' f *» above defined will be given by the same 

repression as originally used, namely, • . . * 7‘ f . where, howrvrr, it 

must lie bornr in iiom] that, although I4"j* thr weight of the wludo vylnitler, 
r f is In routraat to the previous iav not tin* radius to the centre of gravity 
ol the « yhitdrr as 4 whole (nm.r this is etrn), hut is the radius to thr centre 
id gravity of a wdge shaped lector >d iiuMiiutcly small width ; the centre 
rd gravity of tin* cylinder as * whole bring at tts renter, the centrifugal force 
ar,ti(*g on it. at a win it*- is rr-m, yet thr ncprrssinn for the total mm of the 
elemental i cnfMugal furies acting indtqirnilentlv and its syrnlml F t are 
required in order to disc over t Ik? icrtrnsity of the force .utmg per unit angle. 

Of f t ••% The average '.tres;, on the material of |lie l ylmdrr due to the 

centrifugal force m therefore 


I* 

\in . ah 


where ab ia the single hi lion aeon* the narrowest jurt >d the tnr«v 

Since the rrntru of gravity of a wedge *h*|wd sector of angular width W is 
, - f ttj U* \ sin ft , ''in ft 

situated at aileitrttur . ( J q fnnn the centre, and ff I 

when ft is very small, the radius to the <outre of grants' of a « uJJ wedgr 

' / *** then 


shaped sector * F indefinitely small width is r g ^ 

liave 


.. »' , 3/JV 

*’• t m ■ ;*( k*) 


If ¥> -•• tlie weight of unit volume, the weight ir of the whole ring n 
w x r (Jf p "F ff t ) t»/>, themo 

v 4 ** *■ . w . ■■ {/v \ ft, w, \ *\*> >- »*> . 

Thu a vertigo stress cm the material - ** . nr finally 

it . ian 

average s f -* . m*. ^ {R* \ h\ j K*) ftf*d 

Thr HAinr result is readied if we consider tlir resultant centrifugal effect 
ncting a» ft single force r>u the full of the ring, ami lemluiv to <pld it across 
ftny dtameter. The centre «»l gravity of the neniicircuUr .innuhit being 

4 /1? * \ 

tilanted ftt a difttjuire from itv ftftln. % •» v- ( * ‘ l, and iti wright 

f fi k- ft \ V", - " 

Wng » . ft (" * • ) y ftft. the resultant cen‘nfugal h»rce acting on it 

*a a whole tn x radial ilinslion through it* centre of gravity is.^by fotrnuk (.'7). 

w /I 1 

x {K, 1 | | it*) The average nrrs* on the material 

f •* ^ 

nf the ring. t< it lie complrtr, is equal to this re sultant cenlnfigal f*in:e diwlest 
by the doi^lile section ; *w ^ 

"* V w * • *i (V 4 r W • 


average t ( 


• w 
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fi, an •xyrcmvA m feed, uni j in l*ri per w* per f* - 312 2. with 
wrought ivutt or nulU itwi of fcpeofk gr«vit\ 7 8, w. ih* wn^H of « uuU< foot. 

n 4 M Uh , VHj 

* l * 

tvtr%j(r i t *-. 1)103 > <u* - ^ f prr s.ju4rr to. It % 

IKUI 1 S.Y" |(V ♦ A„ A, ■ AT/Jlli *jrr 4 iUKimli . { 81 ) 


•her? *V m Ihr number of -frvoluti.nn jo-r mimii- 

gi*vity 7 2 , v* llir rmt IIaii£<*v & • 448 , u ;4 


< >i l r 


UVrtAgr I 


UUlItIH V 


\r 


*K.' • if h\ 


4 't ll’.-ll i -I -jn ilu 


V 


!! thr smooth *itli the umilitifci iel.J i:i f> l a * l-v hiriilinj; Vntrs the 

•itmVr rase id 4 lv<l|Vt|{f»i‘‘'lh cylliukr Vlrst tl] m *ft I'firs '|\ Its I.nil . rill rillifal 
fttftt- n irftr.^l%nr«! Hut while iTi the the .* n uu o!-uml> rvitt .*1 

«tf h»*'p )ki« kill ilt'Irlltmini, Ml J(.lht\ W hr II tlji ivm* Ui .tj'|’|r- 

• i;iUr tlmkui'sx m i>.m|ujtv>ii with its di4inrl<i tin -nr ^•tfiw i» n.*t 
uniform ntrr thr tihi'lr t«ililt i|rj<lh Ik l< tu ,i i>< j>.tss h..ni tin' 

'rutviik stiffs#* 1 -. tT.UlMlIlttfd Irolll Uti'f 1 > li\»r tn 1 * 1 . . .t.-lJ.-l WJlh tin tl.t> 
u-K llit'-risit v. it tin- • yticiiri h «<|ii|, but uv'hjIi dr'l< ». '. tuiih thr ntxi.lt' 
. it. him hr • in r if the . thlnhl j- |K'l("r4tM »;ltt -i Loir In *.*ris* rju« u< 

.ix llirnu..ur>l .»1 tin- outset, rn ihi* tf-flrt.il < .is* 0^4 till, k thi re is 

■t ililfi trln«- of i ,t<ltil stress i<xi thr <MlU) •ill' I n^li i lit. r' ■.< >i"sj|;..;| , trim ill 

f> >r Hit lit? jari t.f aliv «Mu* mliifiHtU’iit l.iv* i J Ini' in >i L.idou Ilu. k . vlunL-t 
thr rddl.il 'tl' " hailing to illtnk W I.IVI l ll"iu .itinlhrf, .itul ailing .it 
li|fht ailjjlr' (.1 the 1 ITi 1llnlfr4-ltt1.lt stT* ss ,«t ihr •■lllrl 4I11I MiTn I 

1 in itinfi'N'Ti. 14 .nut i.'4-h.s a ,«l '■•tm- dijil; MiiLn. |l* itm Itul 

' '.<« tin uni Ii the iiMsmmUi l-oh.il -ttrxs iMldlliK 1" di\*d t.s-. Livrts m.»v 
'»'! )»■ li.Ui|i|. r.tl«!. th«- nn|- rt.iHt J'“lilt fi'll. *' that till Jns'^- .|M '.s is Mil 
i'.r.ll' l nt)if'<^>. hut uin 1 . .«l it:Ih nut d>j*lhv an.I i-. a in.*v.rimm -it ihr 
Hi.i'V «s|(je H\ 1 «.i-<'ll ..I thr nimirti "I 1h«- 1 vhn.h 1 ihhIm ihr 

.1' tl'll .if ' •* lit fill] l^.ll t'-I.e^.l lliir 1 '.|i'tt f "1 thr- I'u.*® - 1 li N-* IIIUsI 

> out 41 'i I'-uss.-u > m hie h f.it iirt.ii- Ki.n h t.ih u ,n J\ii.|‘ h iwi-iti 

• *f . 

) alrl J lIS I’t.L r t«' I.'li.hc ihr ^1 • ■!>1«-III I 4)'.il>Sr <1 .-null'Jii. Ill tin- 14-r of 
a —Ilil ur«;i' 1 \lr4li-! 1h>- t tfri l i.l ll> 1 >!,i;||i ll.ll'l li iKli'-f.'! . 1 hr 

fr-'iiih 41 " lhi-irfi.|i' i.iii*. 'Itii tlv inn- l.»t 4 n n thnt Ihii .fis. hul llio iHli 

'[urtil. ti* llr- "I .ill .iMUatiitf mu' ills, t ,il;.| ^1 \i|< f. 4 .|i« mi||| 4 l*u|i» 

41 it x . 1 ill (.■ IT I- I'Mlkl 1 hal I Ilf l alii'' "I I fir tiiinji 1 . will. li<r>i nit 

■4l Ihr urii r > :|i isiirf' 1. ;n>', ss |{ivrii J*V thr 1 \j-n - mill 1 


4 r 


:i 


' hj 


/1 * 


>r.m ..umii])i 


Ali’l Viifti thr mill r-%J.*rssif| 111 fitl, f u un-nghl iTfiri .If 


llrfl< 


»hik <»u 
'»nlv I«~ 


IHKKfJI.Y'iiMlS/t’, 1 • h 7S /t£i ih vjua.1' mi*h {82^ 

r if thr rrllttA^krlr |w- vrfy smiill, 1 V niAnmitn Mi"' i» 

% w ' "V*** 

ihr Srimr .»f 4 vrry nr^.tll h"k Ik' '.trr- s w.-uhl 

/ * .~M,f ' 

11 will fr vrn ttut tlir tn^xifTtum mt.uiM nratK^I linfi"' th- ax.-r.iufr- 

in iinh .v\ rxttrmr ivw'liti.l jriniirt^ as m ui h v* 2 ^ p<r k* nl tfnam «-vrn 

1 during, 5/rr*ift4 uf M*tend* /2nd nlit },$» 2J8 ( f . A. Jude, 7i/ 7iu^ry 

/Ar ’ifrOMT Turjnnt. ( tup XUJ ^ Alsu H \ TVhfT*r»fl " A New I-afftr 
Oneratof .Vug*/* Tr*n j Amrr / /. hJ 27, IVl JI. i- I Uhl 
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whan B t •» | ff r . Fjc Milid cvliftdto of conatdefAble axial length. even 
ih$ Above mote ac-camt* fonuoloe can only be refused u approximately 
im. 

Tbu» it u only whetr the Uucknea* of the ring is quite xmall u corn pored 
with iti diameter tliat the radial m*w» which is aero at the outer Ami ifin»r 
circumference* rmliM «*> small a valoe within the tlmkr.ro iiut it may U? 
neglected; no difference Irtwnrti the rwlwl «tmws on the outer and inner 
face* of an demen {Ary layer thru anin, and the centrifugal force of rvh 
element is strictly tohncnl by the resultant of the h/*>ii iniAnm* *m its two 
wkt, The strrw* in a thin rim |hv» becomes wnwbiy umfcirm over the 
whole tiroes section, or the average and maximum ealu*-* t'uocidr 

Since in with a tase and H. are each nearly equal to the mean radm* 
it •!• ft 

It m *+ * ^ *, tlie expression | U t R t f R*) m formula*- * 6 *J| and 

(IIIJ rrdm rs to 3 and'we have 



wlUirn e,,, i. tlir mean velocity rorr»‘*i«ondmg to tf— 

I feme In tile »[e< tal cave *d A nm of small raiiial depth as c onqiaml with 
its ihumrtrr for wrought iron or imld steel, if ft m mid are rxprvwd m frrt 
AJid feet per SrcOtul, 

r # — <M)0| 15 A' 1 tt m a , or fMl)5 ll>. j**r square uu.li t'U3i 

oi for-.asi in’ll 


s f 0 00 Jud .V./fJ, nr 0 097 ir^ 1 lb per square inch . ff*4) 

'J he stlrW* is itlrii, AH It Well known, d>‘|x'llde|it only upon ihr s-[mrr id the 
mean velocity, and in lb. ]xr square itnh L* lukily ...th "f tin- vjuiiir of the 
fUrdU Velocity in fi-rt |»'f w olitl Obviously urue in I be ,i!mvr *-xpcrixtult 
the inner riidtnt it rt hyf>oikfn to differ but little from Ih*- outer t.ului-*. th<* 
iuitrr ratlins or the ]*n phn.il vrlu» ity may also lx nwd bul with slightly lest 


Aimriwy, 

Wr have, however. III mint io.ies to deal With rings of ApprrwUhli- depth, 
mid are then 1 fore nunc inter rut ml m tlie max* mini stress whit li holds m such 
f uses, and upon which the bursting would m reality cirpritd From ecp (GJj 
it will tie snui that in the two extreme cam-* of a very thin nun; a. id of a nearly 
solid ring, Ilte maximum sires.'* only vanes m the f>roputjori of 4 to :KS5; 
or with wrought iron as (lie material, ft mu 1MMJJ l> S t ff 6 9 to S*ft a 9 

'I hrre is tlirrefofr but httlr error n» ail pro* tical rases in assuming the iuaxi- 
mum strew ax 1MJ0I N*NJl, or if wo wi»h to lie mi the safe side in taking llie 
maximum figure, 0-00115 A 

To this til the ta.se of tin* toothed armature vote mint I*- atJtbx! tfic »troM 
from the teiifrifuft*J fobs* of the iron troth, and also from tno *njqm*r wunbnx 
within flu* slots wfun these urr ih*wti «jr liH:k«H| hv wixsion wnhfr-s Having 
osdculAtni (lie total rA*luO irnlnfuirid force i-J from tlu* troth ;uid copper 
winding ini fAT as the hit tot falls on tho iorr*hs<>. this may N’ regarded is 
flixlnlmtrsl utufornily iwr tho whole cylinder l*'l«m th« Isittom of the slots. 
rut ttuit if wo ref win ff t > signify fir radius *■> tho Ic-ltom of ifio slots, the 

y * 

rudiAl Irnsii^i on thr outer surt^o is * . The b*xip stress due thereto 

* 4*11^ . » ' ft 

increwno towards tile inner tmrfv r, and there ha* the value e - 
2* i y i 1R +ni <*. # 

■** . • x * . The TnAximum stress At I he inner surf Ate 


v 

It therefore 


*. ’f 


0<l0] \ 


iK<ib 


% 

K m f * t 


m 


where R t is the radius to the bottom <>f the slots, n * the r.uiial dejdh below 
the slots. And 6 if the net length of the iron core with allowance for insulation 
between the diKa And for Air due a 

There wr, however, but few ports of a.t Armature which arc only tubjected 
to the direct strew from ventrilugal force. J’hut when the cote u built up 
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oot d MfBtotttl fttfto na d by bolt- tbroajh the tad-tUa*r on it* hub. thaw 
kttar moat taka ioeta portion of tha ocntnlufal ten* «Tthe%»jica m different 
degraw acoordtof to tbo method of amatrocuon Again, the wtwa 

utitnwl to the held-magnet in ubkcted pot on*y to centrifugal tow. hit 
* ^ff> to a nearly uniform external p*iU m irulul i^.rvuon from the magnetic 
beM. If the totaltvaJoe of Lhi* pull sumVrd i p *ti round the cil* 

cumhnuce, an will be further «|4i?wd id t'haplrr XV t t !*. le P m , thr 
(eiulUat tnuuon a> acting on a .singly cro» m li-'lu 4 a inirr <ompo»rd *4 

circular dues will be, ju*t'A» jn the cw*r of the* riitnf.igai tour. \ m 

• i w 

Acros* a botu^nu] diameter there is a furtlu* addition^) 4m> dim to i)** 
wtigbt of the core llaell; if ** the worst bnalitHa (he »right <*l the lower half 
m o&s umrd to tw entinrly imsupjort|d by the *irih ««l (hr hub. the tension 

vit the double ixosa-section due to tin* wet gift w^ «>M i«- ^. thi ve hw\n 

reinforce the wrajJe bursting stress Iruiij n-iitiiiug*" to r. but (lie effect of 
(he weight i* usually negligible. so tliat tJir multanl maiummi \(n->- :i(x>n 
the miurul become* approximately • 



H llie arm*t«rr is ntrutnc in llic brne. f<>t 


** iti the alnir nmtl l>r 
n 


substituted the total resultant pull P m ' .u ting mi i li.dl id the m.y m the 
direction r»f iij cneiilnoty If then-ion* (hr i. nTin Hy iv in file ilm^iwinl 
vertical direction, and it is 6i>p|**rd that (hr .miutmr has simply Mink 
downwards while il* magnet yoke-ithg iHams H-* iiui-ui- uUr shape without 
dehir nut mil. the resultant pulj P m ' iil.iv lie aj [it>>«uiutrU- rxlmi.itr d on I hr 
lines given in f'hapUT XV, 14. « 

Next, if it lw supposed lliat tlir or mat use um »» ngi-lii amb>>r<d .ii piu l| 
I line 1 mu with an arm, tin it- h.t> further fo l*- n»iiMd» nil the Umlmg minimt 
■oimg on th%corr between earh iwur of aini*. an.I n o* lung it 1 ! maximum sit 

the points of junction. The total l*«rt r bet wren A pair of arms i* it m * 

A 

wliett n. m the number Af *$mites of arm* of the hub. and ih,s to.-* n unitomlv 
‘inr 

tilstnbuirdaUftig a length *. v> jJiat the itrnt.il Ibi’jiiiu lion with \n aim i> 


t 


*'• i J w t w 

"a 



l" 


Id?) 


tin the analogy of a beam fixed at bo(Ji nidi ami loaded miitoiiily, / f**ing th rr 
modulus tif file fc-eiron. which by I hr usual formula for ^rt-< l.mgir i% ^ , 

The core would thus lw<t>ih« bowtsl outwaids U lvoeu "a* Ii pair of aims, and 
the stfr^sei in the core would lie m< iri^t toinfiirctl with lli<' tase when 
Hi# cure suffers no defurmatiuti. fivm the »tN»ve estirn.'tc of the l>e»<lmg 
moRiftit would be inaeoaed if there i**anv ui^uai^u^rVln. pul). \% wdl U- 
d^t/ibed m Chapter Xf, S 14. If the width »»f a ]Ki|e face rstceiJs the disunue 
between two arms, and the maximum iridu ^j<-n in tisc air gap i« regarded 
Vt holding us*cr the fchole of the diaUnce Urt^ern two arm*, Hit loUJ pul) 

which could occur between two arnu^roold be* yjSs x l{ft * .or wvee 
» tlui iJ a maximum estimate,^i>r tlw area of the {whpfacry might l*e BulMtitutrd 
the wnoiler a4a M the 2 p pole face*. } \& t n lb ' A 

the Area of one pole-Uce in w^uare im^ies. I fence in the ah*v« expiwMoon 
tor', instead of ^ would be rabiUtuUd the ittdmnary value obtained 
Dft the awumptioQ*that the pull wax uniform round the armature at lU real 

maximum vain*, namely, PJ + A*« ** the 

bcU’liiif moment i*’additive*to f r but, a* tbu* cai<uUtrd, it is n«t strictly 
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"fwt Mid U somewhat ovw-wrtimat«d: «>* mom detailed a&alyn* would 
have to uk« irtlo account the strvtthtajf of the arms. which. although 
runsidered Above a* mextetwMe, would in reality lengthen dightly. 1 

Hut if, m nn approximation, the combined etnas u ukea u the *am of 

^ end i,', tr must llw-n Ifavr s M t f i a ‘ where /, is the ufo prmunAiMc 
limit ol tensile One** with the jsutitiilac material employed.* Such 4 maximum 
v*Jur, * 4 | i 9 \ probably errs cm Ow high side, v* that a high pernusMbtr 

trusilr Un-Vi nuy I*i 1 alien. and (or wrought iron or miJd-iUecl sliertu /, may 
I* n» koned a* I4,UIX» lb jier square iiudi. 

Owjfir to tlw 4 b 11 ml 4 .nl strength of ihc Ourf.-t tirrl ywd in on rial no- f-wrri, 
any tncii 1 akulatinu it as a tub* *ii|wll)ilcms {evr» when aP twunre is made 
inf Aliy .vodrlital emes-i of s]jrrri which might iscur), e* rjd ill the c w »<( 
vrry high |rr»|*h -ral spree Is sue.h 4.1 wtth*rin,i’ufcs driven t>y strain turUtws, 
or of vrry Ufg»* 0 *?; thr al-ive remarks arc therefore only intpslucrd m 
view of tlu- in« rawing uv of high speed miu lmici, to mdu.ate the nature 
of (lit) ktfrMrs to which the armature t ore i* subjected, and il«i oij an mini 
of tlie general 4|>|»luai>ility of Uw method* and formulae: obtained t<* iiuuv 
kimiJaj proMt'iiif whi< h occ ur in ihr r.dinhitmu of tin* mechanical strength 
of various |m'i of tli*- civiiiiiiiu * 

| 0. Mechanical strength of armahue hnbe. If tin- at mat mo 
makes /V fevs. Jkt mimde, and Craiismils UP Iimim*'/ piuu. 
Ihr lonjut: w ftris/iMg momtnt ruling on the arrn.it'ire is 

_ ///> x w.oou y r: „ up 

T m tJ flH.ouit mi h |n>mh*Ih. I'Mt ilvd.iiiiM 

work lhis may Iw frandated into .« nude tidivt-nieni form. If the 
out pul of a dynamitin'AH' kilowatts, the actual jmuei whb b pass*** 
into (lie shaft either through the pulley of a hell duveti m.u him* 
or tJiruugh the cnupling mums t mg it diimtlv t<> lji«* *iailk 'hatI 

* AH' 

nl an engine, is K II , when* t/ the eth iem v, m ihe rain* 

hrtwvoii'tlu' useful j*»wn Kiwii uul al the terminals and (lie total 
power alistulwil in ahl.uiiitlf; it. 3 Ify substitution of the quantity 
Kll\ retimed In lioist-power in the almve etjiiation, we oidam a> 
(lie normal torque 

All 

J' -* 85.U00 iiu h pounds . 1881 

m t}\ r 

The commercial cflu iem y uf dynamos varies cori'iderahly with 
their type and size, but 111 the greater mimlxT of rases it ranges fmfn 
70 in small It* 90 |ht u*nt. or ntort* in large maqlum-s ; an average 
value of tf is therefore alxij.it 0*85. Tliua tin* i*s ihcii'm tor tlx* 
conversion of the horse jwa'er input into kilowatts of output may 

1 Cp. Unwin and Mc*lLuibvr, afatAtu# bitig k. Part II, 2dS. 

* Se* Niettiamnirr, fifrrtknung Pnd d/r Olei* kUrfmma.u'kintn 

uncf (*UieJkitr0*MMt*t\jrrrt, l'art II, p. 'WS ft . from whn‘h the treatment in the 
Utter part of thr present section is uanwd m part, an J to which the reader 
is re (erred for a fuller discussion i*l tlw wluile Kubjcst. 

* In the case of a separately excited nvoehine, lltHexsilvr of whi^h is n*d 
ilnvcn from ttw* mam dynamo shaft, the powvr *lw*rb«l m the held sluxild 
atrictly he- taken into atsnmnt 1** caiculatirg the vommertial effitiemv. 
although m our present ouinei lnm sueli'i<>s« ui the held «tards outside tlie 
talculalion of tlic strength of shaft. 



ttWTJ.V VOVS-rff TRENT ARMATURES 287 


*746 • • , 

be taken on the avenge as * x 0-85 =* 0-63. and any equation 

exprAsed in terms of horse-power must I*? divided by this cueffn rent 

to excess a in i^rnts of kilowatts, or '/*„ ■•- |fltt,0ll0-y mi l) pnmils. 

If tr ^ the output in watts, * t 

# 7 *, v f 100-^. inch-pounds y 

where ~ r • * l lie waits ]*rret. l*Amniiir # -.1 quant it jilu* 1114*01 tame 

of which in dynamo designing has atuadv iw-r mentioned. 

It tlu-Ki f M \h* the radius * 

of the arm in inches (l : ig. * , « 

1341 , or the distant e from 
the < rUtie of tin* shaft to the 
tip of (lie arm, wheic llie 
instance to the motion is 
applied, and h, is the number 
of arms or spoke*, the force 
ailing at the tip and lend¬ 
ing to bend the spoke is 

Pm ^Z pounds, If 

r. >; », 

any point be taken alone Miy 
arm, distant l inches from 
its tjp, ih£ leverage is /. 
and the lytufi>\£ momtnt at 

that point under norma] full hud is li m J m :< l. I he bending 



T*ifi 134 . 


f 4 X n a 


on the material at the point in question, » r s 4 E - --7 - is the 


moment divi<|^<Ji>y the modulus of the section /jjives the stress*, 

K !\* 

Y i 

srtess due to the transmitted toujue anoss a transverse sent ion 
taken at any points ini fie* fruni'tli? tip <d the arm. This reaches 
its maximum at the junrlron of the a^m with tfie nave, mi lira! if 
f m t>e the radius y* the nave, a)v» in inrh^v, 
f\ ir a rj ► 7 ‘ /r. - r* \ ,» 

V s ^ • ■ f n ( *2 J ll». per square inch . (69) 

Or ti the arm he of rectangular cross-sect ion. of thickness ft m inches, 
and of breadth inches parallel t<f the length c 4 f the shaft, v> that 

6 , xV * 

6 

T r - r ' 6 * ' 

5i -* *“»X * «* x . * \ j lb. per .square inch . (70) 

n • r * * "* • 


its section modulusV 
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But while the afcqve gives the normal bending stress on the arms, 
this may be very much Increased by sudden retardation of the whole 
moving mass, as by i short-circuit occurring with a compound- 
Wound dynamo. The inertia Ci a heavy fly-wheel as in a machine 
directly coupled to a steam-engine, would cause a greatly 
increased force to be transmitted through the arms of the hub. 
'flic design of an armutjtfe hub must then follow the lines of a large 
wheel of pulley, anri the energy that may be delivered to the arma¬ 
ture core from the actual fly-wheel of the steam-engine, as doe to 
the greatest retardation fli/Jt is likety to occur, say complete stoppage 
in three to five v-conds, must I** calculated; the torque that is at 
tlje vimt* time being given by-the steam pressure acting on the 
ptstcrjis would also have to be taken into account. Further, it has 
been above assumed that each arm takes its strict share of the total 
driving fierce, ami so is dually effective. (>n all these grounds it 
is advisable to lake from 4 tn 5 times the normal Value of P t or l' m 
in the calrulatiim of the bending stress. 1 

Thirstiest must theft Ihj </,. the safe permissible tensile stress 
Since J* is to Ik: reckoned on a liberal basis, as at least four times that 
corresponding to normal full hud, the permissible tensile stress in 
cast iron may Ur taken as high as 4,000 lb. per square inch. Tlie 
arms *if the hub must also Ik? strong enough to withstand the shearing 
action; this is uniform throughout the length of the arm and is 


1 In Addition to tlie bending ntrm» at iuiy.’wtUon of the arm them it alv> 
the tnnikon (r'IN it*own centrifugal lore*, althrmgh this iso( tmt flight impor¬ 
tant in ordinal y ease*. If the tnmardtim of the arm be mufnr > throughout, 
its weight is w x (r R r R ) X section, amt the minis to its centre of gravity 

elf w 

I* # ^ *. It* Centrifugal force IS therefore J , . tu* (r # * r,, 1 ) vctlon, 

arii) the due thereto vith r.wt iron as the material is from \ 5. 


1 


IHNlMJti 

* ur 


.V 


r R *) lb, |ier square- inch. 


the two radii being now measured in inche*. it. 

s 4 3-68 AT* fr^ 1 • r,, 1 ) X Ift* lb. per square inch 

Further, if the core i* it^ segment* ib vetailed to the hub. (here has \« hr 
added the tension due hf magnetic’pull; th* total ntasimum pul] that can 

f* * ^ i ^ if* 

act on one arm is. A* in § -V rfppnnflroatdy i Jjfx iVv N * l,t 

IV to the weight of tlie armature <lore, the ptn portion ate share of its weight 

on one arm will be —. and in w li of thmo two Utter cases the stress is equal 
**a • e 

to the force divided by the section, llw* total combined struct the foot of 
the arm would therefore bo ■* 

■ PJ h W 

^ S< * # X section of ATfc .1 


II, as an extreme tuppoeiUoo, it be assumed that the arms of the hub wdl 
n ) if> be called upon to withstand Vhe tqilhfapl force of the armature con. 
the second term must again be increased- Cp, Urwin and UeUaoby. fl m is ft 
of Mmkim Dmf*. Part II. p. 285., 
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equal to the drag or force Acting at 11* tipVf*i**h 4111 , i.r to « 

T m 

P 1 transferred without change to ijfy Matiswiv section 


r. x if. 


of the arm. 1 Then 



where or the safe tvoiking stress under shearing. may he given 
half the vahu*of f % , or 2.000 H>. jer «piafc inch, * 

1 t will be found that there if usually no thfiuuJu in obtaining 
ample strength in the huh'against njhir finding or •‘hearing 
When the huh is pressed on tothe shaft hyVivwsor hydraulically, 
an excels allowance rising from 'j lb 4 miK is made in tin* diame^t 
of a shaft e«l <> to 10 inches. in older In smile a suthi irlllly'good 
driving fit. 1 In large mu tinies the nave of the huh is Yin m "id»*i 
to avoid strains fr«»m rout u< lion during cooling, and is subxHpieutly 
drawn together by wrought-iron tings shrunk on in bv holts.* 

In all 1 uses care must Ih 1 taken that sufficient surface is given to 
the tij*s and driving eilgvs of the aims, ai^l fliat the di<4s aieta'i ui - 
alclv fitted 01 ^eynl to them. If this precaution W neglectcd, 
the driving stress will aft«;i several years of use end by causing the 
edges of the dist > In cut into the aim-*, with the te<uh that as soon 
as the legist relative movement lakes place, wear of the aims begins, 
and rapidly increase’s, until the core either in one solid mass 01 in 
certain sections becomes loose i»n the shaft, m 

| 7. Mechanical itnuctb ol armature ahalta. Aimature shafts 
arc usually, of mild steel, produced by tlie Bessemer <»r Siemens 
Martin process. The determination fit the diaini'ler retailed at 
different jkii ts of tltcir length is largely a matter of experience, but 
nevertheless in the main it requires to l<e based on the theoretical 
rules appropriate to shafts whidi are subjected 1o the combined 
stresses of’toi*it>n and bending. The calculation r»f the torsional ~ 
stress due to^he continuous and steady transmission of horsepower , 
through a rotating shaft is an easy matter, sirse, as in the preceding 
paragraph. the twisting moment almul the axis of the shaft or 
* All* * 

T m = 100,000 inch-pounds. * 

Bui torsion b^by no means the onjy sfress to which the armature 
shaft is subjected : feven mor% important is the bending stress, 
due to several causes, chid among which is the weight of the arma- 
lure itself. • Its ring or drum armatures the weight is more or less 

1 Sw Unwin, EUmt nU <*f MAtkin* V)ttign 1W6), jwrt t, p 66. , 

1 Co R. Lmnfyttw)?** A ftc k anknl />u$k *nd domtmctivn of G*n*ra/ott. 
pp. Si-36. 

* See Uowiq wui ftkS&nbv. tUmf*U afMdtkinc Drttfn, Ikii It. pp 276 
261. end NktUbuner. Bitminintf w*d KontUnkhom der tiUi*ktbomM*sthi»** 
nnd GUick&rvmMotom, pp. 376-363. • • 
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uniformly djtlribujed over the Wngth of the shaft between the 
bearing* ; in dricoidaj and disc armatures die weight is more nearly 
concent rated at the centre* although even then the axial length of 
the supporting huh is tiMiall/ a considerable hwiiiIht of inches. 
If If' be the weight of the <ornpleti* armature m pounds, and l lie 
the NJXIU in inchesbetween t|wbearings oneither side of the armature, 
then if we assume the, whole of ihe weight to he concentrated at 
one jff'iiiit (Fig. 135), the reactions at the centres *i the bearings 






lie Ik- tiding moment 


(>, H are M’| : * It' ’* and w, U' .. 

*i i *i * * ff f‘ *i 

diagram is drawn a* billows ; ujxm the direction of R produced, 
mark off a length ci/m-present mg to some convenient scale the moment 
nf Vj about A\ a negative or chx'kwise moment being measured 

downwards and a [wisitive or 


u * 

—- », -•-*< 

„r— t; - t„, 



t'i»p. I!i5. Hen'lottf in«iiii’iil ili.i 

gram ^tur to t.f .uni.ilnrr 

it roiuerihatmt. 


counter-clockwise moment up¬ 
wards. Join 6c, intersecting the 
dilection of IV at d, and lastly 
|om tla. I hen tihe is the moment 



w J n. ]Iki ( omjMn-tn iif ttfinl- 
m# u»»ment 'iMitriom <htr 
tu * eight, n i‘»i-ntr,ite»l anil 
<hsl ribuMl. 


area of tC|. and ttUi is the moment area of If*; IS /, Innug 
positive. its area above tin* horizontal line ac is equally swll 
given by the Urea of the triangle, tibd lying bidwmi the same 
parallels, when the base ba is measured upwards. Thus the 
jxisitive moment area 'uW ha lances a portion of the negative moment 
area, and the remaining shaded triangle adc is the bending mr-m-nt 
diagram, its vertical 1>n! mates* biting jhop<rtidnal to the bending 
moment at corresponding joints of the shaft. The greatest bending 

moment is HV“W* ant ^ ’ n of Fig. 135, if we take ~ 

*| 'I *1 *1 tl‘0 

it is but little different front that due to a 'oad concentrated at the 
centre which gives the dotted rqnilaternl triangle Af Fig. 136 and 
117 

B m s* —. If, however, the weight is assumed to be uniformly 


distribute<1 along the entire length betwiym the Iwarings, the bending 
moment diagram is given by the dotted paraboU with vertex at 
the centre (Fig. 136), tha greatest bending moment being reduced 
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o m 

toB r“T- 


Kelt her supposition is strictly uur, and in default 

* 

of an accurate setting-out of the hcn^ling morfu rds a fair ;ipproxim^ 

flllUilH'of fig. J3ti 


MY 

uihR n - $ 


lion is obtained if tin intermedia^ 
is adopted. 

Comparison of a Lu^e numbered dvu.iin,.-. of different sues and 
type* shows tint the weight of the jim.it life is hugely mdi-peirflent id 
the type of firM, and may 1*' ejunessed to a fair drgr^j of accuracy 
its pmpottinna] t«*thc jrds power of iljj* hjovvatup i f\ 


nr 




lb. The 


u — - - . i. * 


. minute. 


value of the const ant r range- 
from6,(X>U in small to 10,1 Mt 
in large machines, but mote 
often approximates to the 
lower limit, so that its 
average value may be put 
at 7.200, 1 ir* M\*» 7,flKU 

.•»(?)■ 

Mie length of ihc spin hr 
luerll T)r ,# 1 mm rings in average 
cases is of such an order that 
we assume it to ♦Ik* l * W 


<a i 

~rr 

■ *w t 


x. 


(“) ! 


or 


lb 




inches. The landing 


moment due simply to the 
weight of 1)ie armature as 
given by the above formula 
will then w/ ’ a 



ir 




Fit. la; lirtiOuig iiHttml <ii*yr*m 
due t«* weight </l armature and <«f 

f|y-wtu>f|. 


6 . 


)IV 


(71) 


Air 

i v& 115.000 —^ 7*1 or 72.500 m< It i*»uii<h 

v ^ t 

In engine-driven dynamos, w l^ic the heavy mass M Hi<- fly-wheel 
is supported between live inner hearing of the engine and the outer 
or eommutatot^bearing bf the dynamo, it will l>c necessary to take 
this further weight into account as (Vnrcnlrated at a certain <hs(ame 

i 

1 In alternators in i|jhicb the revolving Portion it very umaJly ill* JMd- 
maipict, and this A combined with, or itsrH forma, the llv wb**l of tha driving 
engine. weight will be conwdcrwlrfy higher than m a cnatinu«vi«-ciimftt 
dynamo with /evolving armature ; owing to the <rr*i vanatioiu of the 
conditions, c may tta > reactf values between 10,000 and 20.000, amt rj*n hardly 
bo laid to be a constant, even in mllcrji&tc/bi of fbc uuvr type. 
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from the centre of .the armature. The bending moment diagram 
may then be obtained by adding tbe ordinates of the diagram 
doe to each separate*weight, or we may set off the moment of 
nr, about R, i.t . «■» Wl t -\- W t l t downwards, and join u (Fig. 
137) inters ting the.direction of the fly-wheel weight W i product 
at i ; measure cb «*» upwards from c, and join db and fa ;* then 
afd* Is the combined bending moment diagram. The fly-wheel 
being supposed to be three limes as heavy as the armature, and at 
the same distance from the loinmu’utor end that the pulley bearing 
formerly was, it will be ien *bat the bending moment is increased 
11 times. 

& Okumm taeretatac the bending moment on ihofti.— There 

are .dill, t however, a nunitwr of causes increasing tbe tending 


* 



moment winch in the- above equations are entirely unrecognized. 
First amongst these may be mentioned the Literal pull earned from 
the pulley end by the tcs&ion of the driving belt or ropes. The 
pulley in belt-driven machines is usually placed outside of, yet as 
dose as possible to, one of the two bearings (cp. Fig. 0); and a 
certain amount of bending stress must be'allowed,foi within the 
span of the shaft from the one Hearing to ttfe other, over md above 
that due lo the weight of the armature. If< T ~ T,- T, is the 
driving force at the periphery of the pulley in ih. k o* the difference 
in the tensions of the two side*of the belt, the total pull on the shaft 
at the centre of the pulley is T t -f-'7Y Tbe arc unbraced by the 
belt on the smaller driven pulley being taken as about <M of its 
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rircumferencc, and the coefficient of friction bcjweeft.tite belt and 
he pulley as 0*3 (these assumptions being such a* usually hold in 
practice 1 ), T % -f- T x may be reckoned as ^37. This puli causes 
reactions in the t*vo bearings (Fig. 138) of values 




r, ^ :ij: 


Their directions in tlu* plane of the puli ale as shown m Fie. 139 
whence the bending moment diagram due to the nvvi hung pulley 


\—-— --• • .— 

»*■ - l. ‘ H* -U-« 

1 F • ^ t » 



\ 


\ 


bending 

is easily drawn by setting 

off ah ~ ;tr (/, *{■ f 4 ) on 
the direction of t t produced 
and joining be. If ihe 
driving force and the weight 
were acting in the same 
plane, the two shaded arras 
iicj of Figs, 139 and 135 
could Ik* cmliim cl by add* 
ing together their corre¬ 
sponding ordinates algebrai¬ 
cally ; but in general the 
pull of the lK*lt ads horizon 
tally c*r at rig]it angles to 
the weigh* In order to 
find the maximum landing 
moment the diagrams must 
then be combined by taking 
the square root of the sum of 
the squares of the ordinates 
at corresponding points. 

This hits been done in Fig. 

140, and fituuat.thc increase and altered inisitinn the maximum 
landing montent within flic bearings due in the belt is dear. To 
this has next to be added * 

the possibility that there is c 
a considerable unbalanced 
or one-sided magnetic pull, 
the nature of wjuch will be 
descrilied in Chapter XV, 

5 14; any such pull will 
tend to dtfecj the sflaft, 
and will .often coincide nearly id direction with the weight of 
tin* armature and increase the * down ward .pressure by at least 
one-third. Further, its effect ts cumulative, the pull increasing 
the eccentricity of the armature within the bore of the poles and 
exaggerating*the initial effect/ 

1 Sm Unwia. BtmtnU of (1** •dit), Pvt I. pp. 446-4S3 


Vi». \W 


iVtiiUnpt UMiurnt '1u<* 

to belt pull. 



<*• d 

l-'t*;, MO —jC oiutunrd IrryltnK momiMit 
«liagn4ii Aim* to wHght <A fumAt art xnd 
belt pull. 
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, i . 

Straining actions .arc also set up when the masses of the armature 
and Ay-wlwd are ra jjidly accelerated or retarded by reason of sudden 
changes in the armUtiye load such as nrcttr, eg, in a generate 
supply mg i nrrent to tramrur nfbtors /■ 

Whi'ii thr mnximojn landing moment lias U-cn determined. it 
must I tr combined with I fie iwMing moment by the well-known 
rule through which the <‘yiuualt*it bending‘tn^ment i> obtained, 1 
namely. *• 

h. ul 1.1 %«/*-■■« r m *j 

The mnmtn! *>jrwtaihc n)a circular section b U tiding is ~^f t d* 

0ViN8/|i/ 3 , and equating this tuThe equivalent tainting moment we 
obtain 

' V It 

J Inm, ' • ' ■ ™ 


wliere r/is the minimum diameter of a solid rirnd.ii >h.»ft fora given 
Value'of /,. and/, »> the iafe working stress of the material of the 
shaft, The value of j % wKu'Ii is fotin 1 by ex^-riem e to give practical 
results for the c;iM*nf a dynamoshaft ranges front 4.ft*) to 7 .<500 lb. 
per square inch, and H. taing leekoned in inrh-llis.. the diameter 
is theme found in indies. 


| 9. Deflection ol Shalt*. There still remains a second jwtint of 
view from vdiieh the diameter of the shaft as deduced from the 
combined twisting and [tending nmmetit must again Ik* checked, 
namely,,tlie deflection of the shaft regarded as a taair. supported 
at either end by a bearing and carrying a more or less concent rater! 
load. "The amount of this deflection, all hough determined by the 
bending stresses, yd fopus an independent consideration of great 
importance, especially in the case of shafts with a long span between 
the bearings. The shaft may then have sufficle.it strength to 
transmit the requisite horsepower torsionally and to resist the 
greatest Ending moment, hut still mav be ton weak from the 
deflection point of view, since any initial deflection itself increases 
the onesided magnetic pull t>y decreasing the* air-gap in one or 
other direction. 

If a weight II* be concefitrafed at a spot distaii* /, and /, units 
of length from the two bearings, ^he total length of span being 
J «bs /, I r and if the shaft l** throughout of uniform diameter d . 
the greatest deflection of such a lx.tm undfr its concentrated load 
will be 1 


i 

i 


6 


«’ 'tV« a 
3 i. t:r 


« « 

Unwin, FMmrnU of M*kint Ibtif* 190©), Part 1, p\ 12*. 

Unwin, EUmtni* ef Mmkim PfUfw, (tdtt. 1909), Part l, pf>- 79, *0. 
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where / is the moment of inertia of the Motion Vliich fur a circle 


For steel /'. nuv Ik* taken 


is ^ ami t* is the modulus of cU>1it iiy. 

as IJO.OOU.OUO lb, i>er square inch. *> that wlnn M‘ is tetkoned in 
lb., ami with the lengths ami diameter inkotird Hi imhe* 


o» 


10‘inches 


(73) 




11 ./* 

48/7 

and in the same unit-* ;*s above 


If W* 


Wl* 

0-0141 >: 10 4 Nebes. 

a* 

Strictly shaking, the calculation would require to In- tamed 
through for the deflection at each point due to each of the weights 
cori colliding to the armature and commutator, to the tly-whcel, 
and to the un\Vinmettical magnetic pu1l.\ l’he icMilt.iiii iLi lhvtiun 
would then In* given by the i*eom«-tfual sum of the component 
<|t* flee turns at any pointy It will, however, suffice to substitute 
for IF the single weight lt’ a which, so far .is the rrsuk.rii 1 tending 
moment is concerned, most nearly leprewOts IJn* combined effects 
of the various weights, H’ t Wing located at the spit where the 
bending moment lias been lound to lie greatest (as at J in Fig. 140) ; 
tile assumption ih\t each weight is com ini rated will ha\e led to 
an error on the safe snk* in the estimate of H r . 

Tlie resultant deflection d axilrduc cl horn ll^must then In- limited 
to an amount not exceeding lb }*■1 rent, of the normal air gap as a 
maximum, no allowance taing nude for aitv additional si illness 
adrU'd to the shaft by the close-filtitlg sleeve of tjie huh. 

If all the \\gigkt were distributed pcifcdlv undynnlv -dong the 
shaft, there itotild lie 4 grtat reduction ill the defier tioii, t lie equation 
becoming 

• lf d . If, ./> 


7fv8 n 


4MVIH8 




X Id * UlL 


(7:h?) 


it. only }tlw of the deflection for the same weight < one enlisted at 
the centre r»f the span. * 

In practice the weights aie tn some extent distributed along the 
shaft, although nut uniformly so ; />n the *>1 her hand, the above 
expressions*ar* only true for a shpfl of uniform diameter. If an 
axial sccfion of the shaft ai*projpmafes to a cubic pataUda (lY. 

1 For Ihc I olb prtx^lurr. espe»'i-*lty "The Ucn<lmfl, Vibrating *nd 
Whirling o( Loaded Shaft*,” by (apt J Morni, No. 551 ol Hrporti and 
Mtmavand+of i±t AMnioty CtmfmttUj far Attonauha (II.M. Stationery U&oe) 
•ad ft Livuagktflo*, Tk» Uttkanual and CoatfrtuUon of Uenfratan 

(EktmiM Publishing to."), p. 75. » > 
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il r Va. x, where t w the radirn of the shaft at a distance x 
from the centre of the nearer bearing, and a is a constant, a condition 
which would give uniform strength under a load concentrated at 
the centre of the span), or tu a truncated cone tapering from 
maximum d to {i at the entrance to a bearing, the deflection would 
be increased as much as IJ times as compared with a >haft of uniform 
diameter. Kit her of the above more, neatly t tumbles an 
uctualJuft which is tajJe.ed towards the bearing, but in practice 
there should l«? suffuiriit strength to rentier it unnecessary to 
calculate the ijifttirnce of the varying section of the shaft more 
exact ly. 1 


| 10. IttfliHH of shaft to roriat oaatrifogii whirling,Great stiffness in 

tJw> u equally neceiwary in high-speed machines for another reason. 
Om^hlcc a rufur id mass Af. ami ui order to eliminate any deflection due tr> 
gravity let it* nhaft tie virtual; and in order «till further to simplify the 
{ifxililem Jet (In', m,v»s 1* *> (tispused that it ran imagined in U* con¬ 
centrated at one single point situated at a distance r # from the centre hue of 
the shaft. No rotor limit by human hands but is in some small degree out 
of true dynamic balance— it may l«r only from a want uf homogeneity in the 
niAhrui' -mi that it* centre of maw does not in practice tall abeoiutrty on the 
centre line of Ibc shaft, aiul*it may when running require to lie rrjtre'ieiited 
by two toiui'fitrated arrang'd '..t ditlrrrnt (k.ii < i aU>uk the axial 

length betwiM‘ii the lieunngH. but this additional i •uiiplu.it urn i*» for our 

f uruoee neglected. l-et tha shaft be run up to any comtant angular velocity <u. 

f the shaft tie then imagined to be forcibly retained m its truly vertical line, 
it i« mi|i|tctnl to a centrifugal force in the horizontal plane of the ra*a* 
centre and of magnitude A Su> % r M •* When the restraint is Ci moved, the 
shaft under the action of this force mutt be deflected through *oro© distance 
radially ; if c be the force m the horizontal plane of the mass centre required 
to lirml the shaft tlmnigh unit distance, th/ first dcMeciioti of the centre- 
lute of the shaft from the vertical axis through the centres of the 
bearings 14 t t ** Fjc, and if r x be expressed as a fraction a of r # , t'Jt ■■ tfv 
The increment to the displacement will give rise to a tint additional increment 
to the centrifugal force of Mfli'r, « f, « qP 0 . Assuming the deflection to 
be always in the same direction as the centrifugal loree and the same pro¬ 
portionality lie tween force end deflection to continue to hold for small define* 


. lion., there ensue* a lint increment li> the deflection, viz. r, 
• •*. > 


V'r 


which again gives rise to a second increment to tbo centrifugal h rce, ami so on. 

Corresponding then to f*' # f p\ 4* F ( + . . , » F # + ^ # 4- ? f F. + - . . 
the Anal distance of the miss-centre from the vertical axis through the bearings 

is 

r ~ f t \ ft + * . . . * 

- «% * f^e + f*% + * •*■ 

Thus at each stage in the process the displacement releases as it were an 
additional deflecting force, ana the cose is analogous ox will appear later to 
that of two alternators in parallel with op initial divergence of phase between 
them which releases an additional synchronizing force magnifying the initial 
displacement. 


* Iq shafts proportioned to give a uniform stress throughout, Mr. R. 
Livingstone Voi. 57, p 570) gives, as the average of a number 

of cases. 


d - 00118 X 10 ♦ inches 

m* 


where the weights of engine fly-wheel, armature and commutator, and the 
an balanced magnetic pnU are jdl supply added together to give W. 
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Tb« geometric wo wifi only bvt a fcwtf sum il'tht hg»t detiesiRm f r 4 
t* 1 «m than Ibe 4»UAir r, « f •, l. and it* value is then 

r '*•'» 4 ’ 

flu* ft»rc< Irndu'K In sttiUghirn thr vlLit i> .» «*ml t In % i> n|u«il l" iK« 
deflc-eting i<jrtr .Wi» f {t 9 *■ ij ; il thru thr rs»tnr is run up l -,Mh ti * *j«e«Ml that 
Ww* " r. J ^o' r rt 'f«r>* 1 1 * a"'! it W"idd ap|,4ai either that r l«ro>mr» 
infinite or th.it t p must lv inn, »hi>hh<t i m-t ill* case I ■> put thr 

'Mine t« 4 ditlrirjit foini.«simr * 

. i» Mvi* ,* 0 T r; 4 * 

* Wfr 

It Uu'Xi ft \ .1/ iif « _Vm* llir dJ»nniHll*t -l i< /"l*» .nut f Irunuei 
infinite l( fi>r liny given Values id . . 1 / .(III. t thr 4 ,nw "i * .r *i*m»rilri| 

With I1ufi-.r.]ll*: V.title* «4 ft [‘InUr il. It l!>l> \i’l\ 'ttr|i|y .U i/i M r A|’|HM« 
and nn.illy dlsApi*r,Hs m ]».Mlisr mhmty ll mi thr matin mat i< at i qivtimi 
mad" lurRivil i, thr i ill M- returns limn rirgatm- mhi Ha ,ii amn^Uit 

1 .Mill II * * 


i»* T 

Wc* 


hr.IIU II 

]| 111 * i S]>rf« Cr) il* 

r*jual to \ i M. t *" 


VI ‘ n ' 1 "Vmi 


is ihr parln alar s .Site of r<i «|u. h i«* 
A i 

r . t hr n|H4ti<in .ilnl curve 

1 A 

•if thru rx.utly analogous li* 1 li*»*-' f«»f the di^pl^u r tm-ni .hi und iruj«-d 
ill.it mg svsirm amh t li.i|i. V I, ^23 iii* A ne gative r would mdr :n> nt.it the 

uni"* l rill 11- hat |i a |» r <{ tu 4 jiciMlifin h-tMo'll ill* irpljr llllr t*| I hr' sflalt 4 tut 
thr 1 fitr Wi 1 h.i 1 AiU* through thr re th.it the »hatt h rotating 

• ■iihulr thr position • •* M. ih.it thr mass (im< ti .il a iliNlatm- r 

oiilv Ifnlli thr Vi tllial .IMS .» 

Tl»i' i a>r is Ir-Hcvr-r. physnaHv mlnal as lh.it <-( thr miiiI.hti}ihI I>'f liljliUK 
M sic hi ; .iilii.illv .ifi i* iimv rjurd ■ ami inu-t thendnir luu* tw-i-n r.| «nl in 
it .W ii irit.im min a 1 >p*rd whn h has h-mt run ilnuiiirli I hr n|>1.iiuii'm 
It* ay.tin (•> I*- tought in damping for* i h whi> II i|» tu't .tp|«'.n m the ••tmjililmi 
form u( th- equation 

Mlirn th«- milvi!.iu* <>4 t*jfnr iL*. U-m run i<|• tu ‘•■•ni*- M-n^t.*ut '|i'n1 lf"*s 
thari the i nti^il v|n-iv| hi i|<* s||,h|hw inni'iiiinl to in' tin-•ivu hv ,1 'amp m 

,f\ tl fill tf. a Vr I til. ill white vuall lr)nil<| Il llir ol thr '•h.tdnW Will 

thru »v.i||.i|r 1 1 1 and f|n. if thr irnlir hur i>l I l|r Mut''. *ll.i<|nw will drv ufjr 
a Mitijilr h,irim<im nv>U<m a* rnvs thr itiir wrtu.tl *«>'■. with a !rw|i*r«i v 
njiul I'* thr rrvi-lutions ^n’t srn»mf ami with a njtajn aiuj'hiiul'- fa*t a 
(*rinil ||*'W U- Immiilil up m th*’ h< a nfti|it.il plarh of thr ir;im (rliltr klvl 
l'At.illi‘1 t^f tli»- wall, until it is just 1 *mj< IimI hi it'" r'ttrj <>Un >n < a' Il irviihillmi 
Thr qiuslun*"thi^fi Whrrv will ihi- mu* *mlu- Ir at tlint i*t th'* 

prrviur «jf vtw il.impiriK l«4ir, and. if lint in hnr with ihr \* ru ll. wh.it 
will t« thr amount uf L\ic or lead, t * uhat will I*- thr ancnlar j-ha^ r1i*pla< r 
mrnt lu'twrrit rarln through thr ju iuil to tin- virtual anw And tlm‘i*i;h thr 
mAvtentfr hvdy I hr anvarr i*» vii}>plir<l hy thr u*u.ii rfiiidUnri'* 

jjivoti^u t haji V? 4 2."i r lor hii'Mr nu * haul' al nv. ilhttmt. . who h arc mit*|»V 
hatnumii fumltntii * 

Af.sumihf; a damping l-m? ytrnjKJrtu>ual and iipja/wx! in thr ajijiamit 
t'scillatimj vrlntify vt hrii thr ntAiw-xentrr is InrmnK thimiith a half icvnlutmn, 
say. ffiini thr front’tn thr l>ar)i nri thr fit;hi Land snir of thr virtual axis 
thrntiyh thr Ix-ajingn, thr ti'*U>vrrwi inmi">nrjii of thr- radial centrifugal 
r fofve. giowmg amt waning, is alwiin diwinl tnwatd> tli<’ nphi and 
through a maximum when 4hr radius to thr inai.s i » iiir*- is parallc] tn the 
wall; the same alv* bolds /nr tbr tran\vcrm* M irh-fatmu wlu<h ii \mr\mi- 
imnal to th.-tramscrv- forw A ivilit stair of alfati^ U'.ng assurtierl to have 
hem reached. the iay is the samr as t)A* daniixs] <asf ■ of < hap A 1, 4 25 f&l. 
when s-elcKitj' and.dmoh* rrnent are intrrpfrtrd m <m»t i ase as the in slant a 
neons f»mjettums <cn tile wall, i f as the transverv' <iptti|*nnent* r»f the »ral 
vetocily and real dnjdatemrnl. * 


Cp. Ftp. 4 in E Ki/wrtbcrg s juiei. / svre t E h . so! 42. y S32. 



20ft 


CHAPTER.X1II 


An Ifwfe tupi^ncd, 4 «<on «t ever* the trtilbt damping fwrtf is introduced 
into the problem, at speeds below that for whkh Mufi \/tfM 

the vector of the dinphioenient tags behind that of the applied oscillating force 
(armarent only in tnisVair) by virne angle gradually m* reading up to 90\ 
wful* Mm* vn tor of the f«ulliitjrig»V|>et*<i precede* that of the force W hen 
Mot* " r, i t at the resonant frequency. a 1 * it may 1* i Aih*l by analogy. tlie 
m lor> of -qe-ed 'and fpf*.e r.mtu id«\ and the displacement Jags DtD behind 
Above the remnant fte/pirncy, the* lag of the displacement iontmucs t>» 
mr reuse and for small values ofthe damping factor^ rapidly approtu hr> 180', 
♦►ut iirf'er »•*.»• h»*H that Vifhie at any Unite speed. At tht* tjwrrd giving 

resonant fp-qtimi y. the ok mating velocity always Trachea t» maximum fi»r 
any degree of damping Hut not so tip. dupUir merit. Thw always incurs 
fir low irsuiunl Vierpn-rn y, 4>nt while f« r siudj decrees of damping the fre 
f|Uri|i y llie |niiiniiitmr>lKjil,vrmri)t is but very little lower Dun the 

resonant fn-quem y. as the 'lamping l.w tor is m-reused. it occurs .it Lower 
and lower ff«*ijijeiu irs (»re Pigs. 17! 50). 

# Siyiie. pro|i«»r1iou of (lie applied force f linug ixp'-ndrd in over, oming the 
dagiping forte, it is only tin* <ouij*uu-tlt at right .aisles to the latter which is 
effrelive in • auvtng di q.lai I'rnent "I ln» i*Ht'divr rompnirnt is thru not 
simply ihr sum of tIn- groundin. serin {I i * V 1 f > . >; with 

eat h m« rr men I of dispUiement Hie angh- q Ntwr.-n tin- vn tors of th* uvil- 
tating for*** and displa*rm«*iit .iltrti. so Dial for r;uli of the strj»s into whuli 
the p|mess has hrii mentally divided, the <■ Unlive nunj*oU«.'tlt h the v.tfti«- 
rd th«y/o|,r at that stag'' multiplied bv <»« tj fhr- llllll value of the effective 
ft>r»r is therefoie F f„ i»n tj fl l •/ y 1 i- I, and the ratio of the 
amphl iu|es of i |ie liual ami initial .lnpl.it ►• merit - i. 

F /l y \ 

" t 1 r,. , ., r 

At the resonant frequency, <f i, but t( ■ fh'l* ( so that .i!iliMiii;li 
1**i imirs infinite, it* prodm i with ms tf remains Amir * 'f 

llie HiipfmK'd case so far il«s rilnsl- f>ut with tie linear o-.nlhdlolls hi a 
di|[e| I'll I plane n ilovlv ie|uoclm ed pr.n I trail V m lh<* iiirtfim! uw| fa* 
Imlam trig high ipril jofiu', 1 I’he n»|nr is mounted IvIwitu two I war mgs 
wjili h are free In move m <»ne plane hofio lilt all V or virtu.illy although 
then million is <.>ll|fulhd hv >|>|lll|;i mi either side of r > «uh pll|Mim>‘| lilm k 
It is llesi driven either through a flexible coupling or hv a i Jtnal lu ll '■*► 
an to eliminate anv horizontal muqsment m the iltuiiu; (nru>). and Umidit 
up l»> sjM'cd As (hr tr.ou.illl frequent V is appusu tied, the amplitude of the 
ov illations in. read's imtablv. L.ut siiue the lUmpmi; tritium rv* n with the 
plimmier binelis tmnmt.d un kills is mnddvraMe m relation to the ceiUnfuipd 
nTie, the nia\iinuiit di>pl.venieid mnin slightly lrh« the true ir.sonant 
frequi-TM v J lie |oli>r is mn ai some spn| Lielow that for Tcs..«an.«* m one 
iliti'dum • it is next mn at rviJ.'v th/ s-tH*r drnf in thd opjvvatr dilution, 
and in r.u h lav it is mailtrd mi some turned portion where it pist touches 
a marking pointer Ih<i bisector of the two marks thru mdicafes the side id 
the shaft on whi.h Ues the mass centre 1 

fCeinrtnng to tlie .'ertiealshaft, let the whole of the ppneilnre tir t dr» nli«**l 
ill (elation fo i'll'* vvi'tn'.d plane K re|>eated»iii trial, ui to a se< oud veituaf 
plane at right angles * A dupli. ale set of propitious or of ap par rut linear 


so that alth>-iigh 


1 Nh* K fiirif.i»U’ryj, Journ / V*d 4‘i, p 551, 1‘iy Id, and esjs-daily 
J. ) King Stiller, "The fUlam mg id Motors," f'»v Imt .Vj«j / ArcktU<tt, 
vui. p I5d 

1 Many variations are pnmiblc and arc practised: thus ra»H erwt may ' 
require to N* dealt with nr^iratrly, and our bearing may )m> lou^M fast. The 
rotor may Is 1 um tip akmve thr err.i. al >pe nI tlimiiKh a clutch by a motor, 
and then disempivcibfrom the club ]\ .Mid allowed to run down 

• The explanation *n Ihr eentriluyal whirling of dvilts bv a theory li*s*-if 
on linear oscillidmns m two plaiirs at right angles to ore another, w as due 
unguialtv to I’rof. Miles Walker, .and has now been dcstnlnnt bv linn m Th/ 
iUitgm'xtug <*f IroitU/s i« fd*?ifri. al Afiti.'iucj, pp. f 17 129, <ft* v \ mprrfxmnc 
the present article (written prior to the pnhHcatn’p of the t**t Wntnuird Umkl 
Iho wtitef HaI been indebted ls» Mr. S. Neville tor much kind asswiancr, 

l 
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^collation* uid of oscillating lurtcff i* obtained m the 4c olid klanc. The uu« 
[QovfiaeQt wd forces arr then the votmr sunn of unul.if pairs it) the two »u, 
iiid these being Alike, .bar resrom lunation lead* to tuovi-mrtif of tlu <irutre 
lute of flip shaft in a circle round the virtual ceuirc’di | through thr tearing* 
The jiheitumctioti of crnlnfugul whirling (hu> i»ild> a Mingle explanation, 
aud llie M running through <h* tniwai speed ami ol *U.vl\ running 

at a »|*eti contain-* My .ilox it are fully Mii>uniMl/ r, 

As the apeed » incivascd. the rariu of tu.ixui.mu iV-ft. ro<ii f dixplai rmviu 
.llid ihe unliwLtni r<l centrifugal t<4u' gijfl-.i.Jlv divert, ..uid wlim Ific 
ilmigi-m e exceeds the tX? degree* i"trixJ>oiMfmg to levuiuht llrq unity, the 
has virtu Uh crept round mb* a )*ntir.»ii the niff it* line 

ul the -.halt (which is m agrvcntciil with the il»|'t.ii.< itautj ami the miltr Une 
through tli«: te-inngs llu: .o ty.il ii^'U ni u| thq m,»xs n ut}:- jx made up ol 
tan rol.ny motions, t «. of tJie lol.ilion i.| Jln^o-Mir- l.lw id llu- shaft (omul 
III* ulltn line through tin: k-aiingx .itid ol I he td.iti.4i ■•! the mass unlit- 
aliont lie* centre line of the shaft. ^unng tile 'pu rv> ol miming up 
and of jjA.'-'iiu' through the . ulual >j**rd iluiing the a>-< let.iti.<n 

Mould have t < 1*’ l.tkr-ll of tile .It Ul.ll c t'mjMM-liJ * ol I h<‘ • h.i.tvmg 
speed iu the two planes, .uni the dophkeineiils allow *..ntt .^UiVd fu lhc 
i oil dll tons of lOUalAllt sjvrd Would not In- i<m< l.«*d *-i«n it the <1.imping 
viciv very small, the Vitlui- of tin: ictilielliti); (oio 1 c jh j uml di-pl.ni iiu-nt 
ohi.uii.iMe through an mt>-t nu-Oi.iry aKuhtn>n «il ik ^i.ivst) ihtli-ition 
ol the rotor shall under us own weight, ftul vx-ept in a simple use whejv 
thr load is pi.ii ik. Uly cauiii'Utiati d in at' tin- ivi^ie halfway UtiMii tin- 
bronngx, then- arc several valmxuf irprt-M'iintif <|il1< r< n( foimxol ih -tf>iliou 
of lhr shaft. MHO' the phase .ingle IrUo'll lli.ni u llltc iiM maximum 
di-xpUM meat is 1 uiAl dimug kJ.nu mg to rem.iin not far from iwi at »|nnl’. 
only sightly ak.vv the u-xotuml , hut li change very lapnlly inai the 
• nlk.ii >J*i-d, it nja) l»* <orn. lulled that I he damping fai lor i is Ins I hall 'll', 
and More proha lily is « :ily 111 nf i ft|) ^|i lit! -fM, llu- .»• tua< ouiv of (he 
damping lone ix t" l<r found m tfir- air fin (mi) due to the rotation id the 
«ruin- Inn: u* the shaft al»out the hue thr”i)trli the k armgx, when 

revolved into two uimp>nrnli at right angh-x, and m the vixiosity *d the oil 
m the Uaiingi. 9 * 

Next Tel a i]L.igu>'t 1/ at rang n l at one *«i-lr of the vertical shaft npjiiitite 
tile Tutor. >.i ajj to tan sc a • oiitmtu-d pull in one dm-rtiriri. deHi-eiuik ih> shaft 
laterally. At v.-ry luw .sjmsIx, tin. 1 shall would n volve U-ui into Us ftefh-i ted 
l<«Utio:i Hat now the irAiisvcT'se ioitijunuril of the nnkilarj'ed tentnftiy.al 

force would during < »*• half n-volutKMi act in omjmi-lmn aitli lli** maginii>. 
pull and iliiniig the other half in opiiositiou to it Jhr kudntg ol tin Mu is 
«d the sluift Mould uiiv a loss liy tnerh. uik.lI liy^rmn, and this would wl 
up a reaction etjuivali-iU to harmonic ihntmtxng fur.es m the two planes at 
tight angles.* 1 sa|nji.>neiit!t would havi to k- .uldrdMo tlu»v- already 

vlescntied for lilt' simple centrifugal force, ami tin- result w»ulil lv movcrnriit 
of the ienirr-hnc v< the ulult round the serin.d a\|. m .m ilhptt.al orUt 
Tly case su]ipaed finds itv e.v.ut counter par l in tin ordinary foiot, lioi ixj nit-d I y 
supplied and a tnl on hy the miidirts liou.d lone of giavitv. 

The problem <>| urnt^fugal u^irhng Aas # aJso t^en |ltacted from an entirely 
different joint of view, and mm h «liv nssion has kin rxfvrjdrd on the case 
^f a shaft whuh is at,one and tin* sitine Inn*- toiating .uni vibrating laterally. 
If a shaft suj.j»irt(sl Ijelwren two Ixvirmgs atirl at li st is imagined to k: 
jilinked to one ad/.\nd nkravnt, it will vArralc with atert.uu frerjueocj de¬ 
pending on its dtiiicrvvmn* and elaetfity. If tin- shaft i* at tin- same time 
* routing, ax »ts sp,^ij n nnriasnl, thr frr<|ucm.y nf vilrraimn groiluRliy 
dimmuhes Idiu is due it? the actum u? il»e uidxUaru.nl u nfnfugal force 
oopokng the rwAancr to ifc-fLeciron due,to ifn- rliNu. stress in the mattnal 
of the ahal^: the rentnfugai force thence rrtards llw yibralum so that the 
shaft takes longer to jwui from its txeai&n of niawmupi disjil.iceinenl inwards 
to the centre and ahetu? outwards again, At some .sjwc-d then there comes 
a critical point at which tbe lateral vil»r.ition vanishes, and tin? sliaft J * whirls/’ 
juft aa a skipping-rope held at its J wo vflrvmitios and swung rduiul. At 
ihir point the unbalanced centrifugal ioiu* exactly annuls the righting force, 
and the periodic time of a revofutioD ix eqvai to/he original pc-ru«ji(- tunc of a 
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• # i 

iilnnl vibration wfen the Uiaft i\ at wt. Tlir Utrral motion of a vibrating 
haft being wilvwl into a number uf harmonies of di Herein Imiwnae*. let 
'/It, lie the JowrM rif tin**** her plenties, then llir tat Mill angular yhK.it y 
if whirling would l>e ru c ,.. ■* k t . and the dr terminal ion of t» ent h retimed to 
he jrroMrm of rinding tlB- JoweMalrripidii y of the transverse vttratinm i.f 
hr shaft when il in not rotating 1 Hut while Ihr truth of the tails last 
rit-nHomd does Vot to lie open to ipieitloii, |lu; dithculty remains 

:hat ill the ordinary lAvl of pr^ tn r\liere does in»t .ipjv.ir to l*? any nufycivikl 
,auv- to original *- the 1 r.uixV«-iW‘ vibration whn ^ the l)ii l <»rv presnpp»nr* 

Kor tty rravm the simpler expUu.it. first giv-i-n .tpj pears prefrnaWr 

Tn apply it in i<m|i'| to d*'li rmitjr llie s|**ed <it ahnh*lhe d\\pLt> tmrnt 
mII fir a masitmmi and wtmh tyill l«^ In-low lie- true resonant s|wd stilt 
n ilMIth a Him pin alml problem I hi*f| e«ottitU s|«r'd tciuH first U* found, 
oid to hml tliii. •. the prop,i/,Tonality f.ulor «<f the loiitrolhng font*, must t* 
* It 

L4I1 uUlril lur a Miigh- k • mirnl 1 ati'il mass .M , tin 4 draft of uniform 

• M AT 

maiytd, i would l*v ^ H I*- where /, arid /, are the drd.mees of the 

* * 1 * 

mass fjinu lb' u'litrri of tin- Usui Mgs Hut when Hm dutm-ler and moment 
of inertia of the several ^tliuiii of tlw shaft ami rotor, at m pr.ulnr. vary 
greatly. thr Iwmlmg moment diagram must !*• redm < d to that for an eijuiva 
irill thaft of uniform diameter I’helUe hv a duilMr integration a d' fl.-v tioil 
diagram with maximum value it tan tie ohtallied graplmallv, and the mu 
centr^tnl |nro' A that vgmld give a similar diagram rail In- approximated, 
from win* h r • f >V • 

llie whole piotilnn .iHSiiuiit go al myxirtam v 01 the nit- of ilvliallios and 
alternator-* driven at high angular -peed'* hv sh-aiti Imrtru's or waterwheel^. 


hut nmr these are tint here under 1 iMimle ration, fiuriut loatmeat iif it is 
positioned • It needs only l>> !«• ad 1 led lhat th< gte.il <-1 tin- diameter and 
Hldflie'iH id the shall lot a given length UdWrell Ils tieanllgs. the less the defll-n 

lion dm- to the initial U'k «*l a perfeti dvnamn tulann'. and the greater the 
liki'lihin'il that the running sj«*ed wilt fall t*el>iv> the i iitu ,d a ■ nilditlnii 

whn li. wild|«issihlr should alwavs !»• anm d at 


| 11 . DUmetar of Armature shaft? It v* numfrsi that the 
influence id all flit* i .iUses which lonil to strips ihr shaft is 1o a large 
extent illilchi MmuU\ ami \vt* imod* tlinv^dr in the ah^'iiit* of 
itdiipirtr d ila fall hark ufxdi approximations which in practice have 
hern found t«• give strength tn withstand the working 

shocks .uni sti*'>M's ami sufficient ■stiffness against vibration. 

Kxpri l♦ , nl , l , >dmwsth.it in nmsl rases satisfactor y*mrkhig ran only 
Ih‘ rlWtttallv rusutnl hy taking the maximum Ixmilifig moment as 
about tltiiH 1 times (fiat which wnuhl In* ihie totlu* simple* weight of the 
tumaftiir »»r in pi her winds, nn tin* ap)«roxinu1e assumpl i< n^j if \j 7 
• m AI4‘ * m 0jt • 

- ,01^4^ — mrh i^amds 

1 1 ** * 

fU* 

lit7.tKhf i^i'lnjiintiiils. 

Thr twisting moment being , 

.. . 9 ir 

1 m too.oou N . or nw ^ 

* • ^ hi» 

- 63.000 - — * . 


* A* given in ” The Bending ^Tbratang, and WTuriing of ^taioded Shaft*." 
by Cnpt J. Morris [Rt^vti 0% Commttu* for 

.frruw 4 H|io, Xo 55 lj. * • 
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lilt 1 tquiutlntf btndin£ i« 

. W. --I*, i lvt r„*i 


» 


All * 

Il52,5<Hi ~-,of 852 ui< h jMuiiiiis . ^74 1 

HP ' ' 

*■■ 222.U06 v Hu h-|‘.<umK , 

• *' * • 

It is evident that tin* kmlni»ilk i> <«t f.u greatr* iih)»«rtiiiia‘ 
than the simple lordon, anil irf <ojt' t q , 4 rlh<• n is in thr rvnio.iie 
*>i tin* kndmg moment that tin* upjunmK i,utnr «'t s.*frtv 

k'f II must Ik 1 imiiHhu rd. 1 llv alet'in r ol the k!l yuH hi rlipliy 
driven dynamos h lotigfily (ouiUeihuJamed hv ihv gn-airi 
and the shall* which t Jj<- dynamo dialt takes m rail , u. ( ?lh* wrighl 
of l In* lly-wheel. 

ltM-itin^ the urntnuduih value ol (i.iUNi 1). \* \ ^puir m< It fm 
/, in c«[iiatio|| (72} Wt‘ have J«M She dl.UUrlel -.1 the 





8 # 


‘/Xll • . 

yj y 
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t 

My sii* li equations the inmmium dumrlri of ih«- shaft ,^t tin* <ilitre 
of the aimatlili* m 1 aliy^Mlt klle.it 1 1 aimalun* nl <ominut.il or 
may piacth ally ho del ei mined. Noth tin- huh of thr atniatnir ami 
I hr sleeve <3 tin* ri’ininnlutor add to Ihr ligidiH of tho shaft, ami 
if. as is oft on l hr i as*, Iheie is a g.qi ktueeii llws* hi", the kndmg 
is l.ugely loiki iiUatriL thereat, *> thai it is of «Jiirf mqwntaiu r to 
mainhiiu ihe diameter to n> full value .* tins x|»,i. |*oi vrty 
small aimainlytjtr shaft as given hy the above ggiei.d njiiallots 
may Hot hr wiffii irtil iy ''fill. so that 2 In \ Ill'll musl hr added In 
the diameter. In evetv iav any ±\k* i;d< in ui>M,»n<es of tin* design 
nftist lx* cofisidt inl ; tfiijs m dvn.imos with a vrty small air g.q> 
or tit large diameter wul^ a «ohqjnati\el\* smi.hI tlriiiame, the 
magnetic pllll due to inequalilir> in jhr slimglh of the several 
•fk-hls ami any tendency to vibration must k *jie« ially guarded 
against hy empmymg an exceptionally ’•idl shah. 

If a key-way is to hr mi in the shaft h*i kryuif* oil flu* <lis<s or 
their suppetn^ huh. Airtlu-r all«m^tm r must k made ; and in 
general give stiffm-s^ at tlie refitrr, the shaft is usually there 
swelled out to a larger diameter than it hax ? wilhm the ltarings. 
Any stirh altcmthin'in the siaie <>i UiaM requires, of course, to k 
effecte<l with a fairly large*ratlius in^urk-r to avoid opetiipg of the 
fibre* of the steel at the cormft' where I he change of diameter is 
made. * * 

P 
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IW1 

Dynamos driven directly by the engine are bolted to the crank¬ 
shaft either hy a solid half-coupling fotgi-d on the armature 
shaft or hy a Iixim*' half-i oupling i?f cast-iron keyed to the 'shaft 
Stiff* ii’tit spate muM he uUifwed mi one <>r oijn-r side for the 
withdrawal of the coupling bolts. 

In the taseol trartion gejierutrtrs which ait- subjected 1o g( cat ami 
sudden i han/jrs of load faiising- large ambrapid interchanges of 
energy* Wtwecn tly-wliM and arirutme, the .u in.<L dynamo shaft 
may In- irlievrd of a large jtorti'iti of the stress hy pm longing the 
nrm.itore cast-iron huh'tp form A uatplmg by width it may W 
immediately Wlted to flu- fly-wheel (Figs. I'Jti and t-l). I he shaft 
has then rnetdv to lake the Widing moment due to the weight id 
the Hit mat i ire at the outer hearing, and the slices of driving is 
transmitted dun tly from ihe fly-wheel into the hul> and it-. mu** 
discs without parsing ihiough the key **t key-. |»y win* h the huh 
is fixed to the shaft. 

Within the Waring nr.tiesi in the driving-point tlie Wilding 
inoiiiMit is less than at*lip* i eiitie of the aimahue, and the di.unetei 
of shaft may he coiiesjmttdtngly lyduied flic jmssiblr redtn 1 ion 
is, Uowevet, mnrli greater in small than in laige ma> hints, sjme m 
the (oiniu* the dumetei at the untie is ptopoUiouaL ly largei in 
otdei to give mi thi lent stiffness to the shaft. ’Mills in m.n hi lies 
giving less ihau 10 watts j»ct rev. jut minute the diameter within 
the hearing may he only 75 percent. of the smallest diameter within 
the armature, amt tins pmjxation wilUiise u* k say, 90 per cent, in 
machines giving over UK) watts jut i* v. yet minute. Ihe dialllt tel 
of the shaft within I hr oiitei or commutator healing may W* still 
further reduced, suin' the liorscjmwcr is ahshibed within the anna' 
lure and the twisting moment becomes negligible ; in many cases, 
however, for convenirhce of maimfaeture. the Mine diameter of 
jtninwl is retailed tlu»»iighmil, even though witlyy pic cite Waring 
their is a surplus of strength, and m all east's a smtdl immWr of 
different diameters .dong the shaft conduces to economy in its 
manufacture. 1 

I he ahove approximate flgm^slctpiiry in evejv case to W checked 
hy COI isu lei a lion of the strength of tile journal. Thus in the ewse of 
Ihe WH-driven dynamo i*{ Fig, 138 the journal’next to the pulley 
is subjected to a combination m ^ bending 1 moment 'AT . /, and a 
twisting moment T m . 

Hie eipnvalent bending moment 1 is tlftii » 

u.t ifjr.y ■f i *v'(3f■./,>• + (!»!• • 

• The weight of thr pulley il»ll is, not heir Ukni into account. 

■ Uuwjn. FbiMitf* of AfatAiy D*s if* ($viit. 1909). Part I, pp, 254-S. 
More auunlety, it I' is the length of the journal, amt if i, — tk teactioo of 
the hraring agamst the teirUvm of tk belt as before, the Ubtufing moment due 
to this reaction if dulnbiitet mtiftrinly over the whulr length of the journal 
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Equaling 1o the moment of resistance of fhrf ocular shaft tr» 
lending, the minimum diameter of the shaft ' within the pulley 
Tearing h given by tlie relation # 

. H, tHaS/W!’ ‘ 

where /< as licfnie m,iy lv takrtl as 6ANKI ll» *pn >qu.uv inch 
In the outer 1 k-.ii mg faitJu->t from thi^pullev theie ^ no twisting 
moment, but the fn-mling moment is iJhj <t>mhmed tesult ^*1 the 
weight of the frmatuie amt the poll »*f the Ik-I t Tin- load mi the 

hearing is I' t Vv t * f- l t f. ani the U-mUng moment 1 of llns at 
the inside end of tin* shaft nearest to < tht’ auiiatiiie is jjl'fT. Hie 
diameter is ihni tlcduicd from p 

I<K«8/,{,/'>* . _ . «7«?) 

Sim v V is at pti-M-nt undetermined. the above id.iiion fan pio- 

visiiinallv Ik* solved by substituting - 1 foi t\ when- p Ls the 

p J 

intensity of the presume on the area d' 1‘ -(.the bratipg plotted 
on to the diametral plane, and must In- gft.-n a iiomial \alne smh 
as is found in prrtu*- (\<y $ H* Thrive 



| 12. Friction ol bearing! end their dirntnnoru, Wk)i a « •ijijous 
supply of i.iil well introduced Ix-lween tin- journal *fiul Waling 
stiiUee, and piovulf-d that the intensity'of the pi>-sM|ir pet square 
inch is not sh great its to W on tin- fvuu of -upne/mg out the lubri¬ 
cant, the rm-fl'ii ient <>V flirt ion /j, so fat fioni l mug a ronsiant as 
m the uv <*f has Wen found to vaiv neatly inversely as 

the intensity *d the piessiuv and inversely u#lhe tenijM-raiure wit]»m 
the usual rang* "f tU»*sr quantities, t he ielation of « to the vel<« itv 
is m| a moie^mhplex iluiacter ; up to 470 fret pi minute for a 
given piessnie ami temperature it is nraily pt opurlional 1<> the 
square riKit of the vehxitv, W tween 470 and /90 feet per minute it 
is mfrre nearly jwoynrtioiul to •% r, while for s| H vds above 2.000 


•— fj. and Ihi* a Attaint mu*l 1« d<siuct*<f (f<»m l he Iw-ndmn moment du*i 

t» the belt pull, iV true tending moment At tjie oni rr <d thr junmal nrglect* 
ing Ihe weight <4 lhr Armature whicA may or itu\ not aU in Hie umr jilwie 


>1 this* 


H. 37 


V 

' r H 


F 'i 






which mu*t lie sub*tuutr<l t^.r 3F. f, ig thr e<iiu*li«»n for the equivalent 
bending moni«*pt. « 

1 Unwin, fJ/pmU of Afakwi I‘art I, | l ft 5- 
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irr t per minuet i! it» practically mdqvnWni <4 r r . The watts lost 
in Waring friction 'are tWn projnirtional in the three cases to v 1 *, 
r l,f mill v. For tty lower speeds from 300 to 000 feet per ujinute, 
which arc usually met with in dynamo practice (apart from turbo¬ 
generators), tW square i<k>i jitoj nationality nfiiy W ;t<sumcd. 

.iml ivr then h.ivr u c ) * , wbete r langc* from 1-32 to H> 

. P I *• 

when } is i’xpir-wi| in lb. |**r Mjiure ill' h of projected Waring sur- 
laie.tr in h i t per minute, ami the temperature of iW Waring bush is 
reckoned in degrees fi-.lljgrailr, «The* influence of different kinds 
of oil and of different* combi nations of metals m the journal and 
Waring hush rrsjHi lively is buWmall, >n that finally it may W suit 1 1 

ihalfm a steel shall running oti a gun-metal or white metal surface 

• % 

ft ! -19 ^ approximately. 

I ’nless the braiing is uiliUcullv cooled, a high whuity >s accom¬ 
panied hv a high tiMii[trialillr, and vu‘f ivrw, so that, a> will W 
seen Tiom Fig, 141, if an pittul temperature of 2u be assumed f<ir 
the aiv . Cr T 1 Ims almost a rotM.fttt value umlef given conditions 
of n dura I cooling, ami for hearings of .amilas type whatever tlie 
speed. If aveiages ahoUl 0*4, si' that /< !*• then simply inversely 
propoilional to tin 1 sjvcilic pressure, arid li-59t> f> Inciting the 
njH'iific pii ssiiii's of 170 and 05 lb per square inch piojccted 
bearing silnfaee as the upper ami lower limits which are likely tn 
occur m pi acini. ft is found to vary btl wren 1V0035 and 114*19, tho 
Inghri y.due n»ilesjMuidiug to the hmei spenliv pressure. It must 
ag on W emphasised th.it the above piacticaj values for ft only hold 
go >d if the Natinal relation he tween the velocity and tin* t trill- 
[H-ratme of the Wan tig,is not largely modified as would In* the case* 
if the tunning of the journal was entirely de[violent upon artificial 
cooling. • ■ % 

Since the total load on the bearing P fit' I' lb. where d' and /' 

• . 7 

are tn inches, the hrtional resistance A uP 1*49 •••-—• . pd' l 

• • • # 9 


\ v 


I 49 ^ >(j , JT lb. is myii^i tv completely independent of the load, 
for a given diameter and 4eng)h ;jtW work done'and the heating 


1 St especially the results of the exhaustive 0 M*c nine ills given hy Lasche, * 
" On Mrarmgs for High Sjvi^ts ** Tractii'ti .**</ V»l 8, p. 33 ff., 

am) the earlier experiments of <• IVMmar. " i H» Wu hnii ivosscs m Dynamos,’' 
fi TV., Vul. 20, pp. <180 ami 387. £lw latter giv»*> * imuli hi^h^r value for 

i‘. namely, 2-H9, m*. u 2-t»9 ^ whtme it result^ that .for a temperature 

ul H7-V t'«iu the hearing bush tHctro hv fnetion is at the rate of 2*1(1 x t0 -4 
tf I' (t/'A! 4,4 watts insteait of the value <lhu h is ipveu aS)ve.» Rut in this is 
included windage or air friction as wfH as true bcMnug friction. 
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ditch thence results are due In the shearing 4)1 tip \b*yus liquid in 
Is given state of temperature. and though the applicat inn of the 
i«d may kilter the distribution of the pi essuiv'round flu.* ciivum- 
eivnre ipI the jmy-nal within tlie U^ung, the mean thickness of 
hr lubricating him remains practically o«ust*iul, ami s. ( .ds*. thr 
Volk done iti <lir,ir*n^ tt. thr jxinvi lv*st id tin Iv.tiing is then 
1-49 V' /'. t l i * 

hi.* ♦ • 

Xi\m / 

. i ■> \ , * 

45 I ■ 10 4 , J’/* l*i^t M«( 1 

.|li 4 

33-7 10 :i .. ,i‘ wait** * 

' • ■• 

It is llulth'ir projM tioUal t *• the Ivamig miiI.uc ami 1«> flu* I 5t h 
] lower of thr velm ity. iM .ijiiijji.MHi v;- nJ'\ 12 fvH \*i mmuU, 
the friction los* is 


tini! < hi * 

* 

4 5 - HI- 4 


\J'S V-* 

V 

ti/W) 1 * 1 

l 


il‘ i If 01 s,p l \\,| 
../'/'walls 


(7Ri i 


Assuming i^v tvmfvi.itwe of llir Waring budt t«» hr 37 5f . 
filth' l\\.an average hgwe fur Ihr fiii'tioii h'^in a Wanug would In* 

l-tfl »< hr 7 V'*VI*</'/ f l>or^ jx.vsvt 
» J -2 < in 4 fi/'.V) 1 - 4 ttr watts iTH/u 

A*' mentioned »buve # *a reduction of the diamvtvr, prodded tli.il 
thr Waring is ji.it .irtitiu.iHy cooled hm is de|tt ndi-nt *i|m*ti ils own 
sJki itir rate of radiation, reduces its rise <t| lvmjn i.itm«'. l n*m 
the f.irmul.ufor th*; friction loss it i* m il that tin lulu, ti-m .4 tW 
IN’ of teuijviatmr has lmitself tin- vlf. < t of mi leasing thv hi* linn 
loss ; yvt since thr tiirimn loss is pjopnitmn.d to i/*- 4 . while tin- use 
of k-mjvratwc is less ihan proportional t>. ./. and vvvu ihvn ha> to 
W adftvd tn a fixed initial lemjiei.rturv j *f tW ait, h is vvidvnl that 
a reduction in tin. diamrtei of thv journal 1o the numnmtn rv.pnied 
fry eoT)si<lvratioMs iff si length is m evciwasr to In- m <<miichd«'I 
on lire double sidle of increasing tin*5*flii^*tn y <■( working and of 
.mincing thr temperature of ihe^varmg whi* h makes its running 
more reliable • ' 

. r 

Thr ili.iiflvtrr Iving tints fixed a^lo** as is s.ifv, /’ and /> 

i> to l>r taken as high^is is found prarlU'ablv. sjikv thr Hfr irn< y is 
increased by reducing the Umgth as n«ch as fmsMhlr. Ksjw-rialfv 
« this the ca«* with the, outer t>carin£ fartln^t from ihr driving 
engine, since from § II She necessary di*meter f‘'i this is itself 
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partly dependent upon tin* reciprocal of the intensity p ; in too- 
seifm*lire the holier the specific pressure, the less the diameter and 
the less the rise of* tcm|*r;ihir*\ wliic h again assists by reaVm of 
tin* viscosity of the luRri< ant /wing letter maintained in a state to 
withstand the <ti rult-ru y fui it to U* squeezed out. It is, however, 
evident th.it in atiy case, y\ i-nof the bearing is artificially cooled, 
tile intensity of the pirisuir must never approach the limit when 
the <*fC is liable to be sip.iee/ri! out. Ibe higher tlje leliqierabur, 
the less the visrosjiy of the oil, tjie him which separates the two 
smfaies bn o/hrs ihmnrrymd as 'non 'as it is ruptured the journal 
seizes ; tin* i [jlrii-.it y iff I 111 - prevail r when till* hi bin ant is squeez'd 
out is tlms partly ‘dr[jrndrhb upon the t«nq>ciatur.*, but under 
ordinal \ i orulitton-i when the iul js not fojicd thioiigli the Waring 
uihlei pie* me il lances horn Ion to Sot) lb. j**i mju;hv inch of 
pi ojr< ted lustring sin fair. 

Ill the east* of dynamo In-aungs m which the load is < ojktiriuuu-> 
and always in the ^mu 1 <lir«-i 1 1 *»». as t ^ on the lovvet bush when the 
rlfml of any c<«cult i« 4 tt v of tin* ainulure within I he bore is added 
to that of the weight, the jieimissiblr sjx-i dir pir-snie must lie Very 
ninth ifilnud below tin above value. >-^h-i ially Mien dm? repaid is 
had to ttje very important qiirdiou of the .ituonnl w»-.u of the 
beat itips m pi "longed work. 

ltl otdtl to etlstirr durability and reliability in \yizkihg it is 
tircessaiv in all lugliaquvd machinery to make tile journals tif cun 
suli'laMe lellpt li as compared with thcilfcdiameb'i, and Hi belt alt iVetl 
ar malm os of small ma* innniupat revolutions pri minute, 

the iatm must fiequentlv obseived- is V' t d* 4. whole d* is the 
diameter of the journal In engi uc-dti Voir \ir matures and in large 
machines generally, i mining at almul revolutions ]vr minute ur 
less, the pi upnrt innate‘length may be reduced, say,tu12 J diameters; 
• nr ill petlel a l i’Jd’ j V ,V to $ \ ,Y. , * 

I he ini lease of Ihe ratio of length to dtaim-ter witli*highei speeds, 
such as is vjmwu in flu* follow tug table. 


(V frvii 
\*t min 

”2ik» * Mh\ loo sou* 

i 

7(*> * turn 

.. _ . 


- —-!-■ .. 

t 

i 

% 


’j i \ 3 t 

H«5 3*75 


really amounts to a reduction of the pressure pci* unit of bearing 
t surface as Ihe velocity id the reh*f ive movement lietwwn journal and 
hearing increase's. ’Experience therefore delates that from con¬ 
siderations of weai the necessary length of \taring must tic deduced 
from specific pressures which are rAimed as the vejocity is increased. 
We thus have in practice siu;h 4 fmuting tfdues a> p » 170 lb, per 
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W 

square inch uj projected bea.'inf; surface with# velocity of 270 f<vt 
|*f nun., di-creasing to p ^ 50lb. |vr square inch uftb a vrlociiv ol # 

/i /> v ff y 

bOO (Vet pel min riu rur/' •- —.*>-7 X ItM /'.V 
P it % p t I2v 

inches with tile lii^lu-i prewue and Jt<#ci ,oni • H? 

X lit** /*A iili‘hr> with tin- liiwi’j ]itt*\snf# ajul bi^bei -JVrd 
'•i "ii ih«- »ti»fj|:r l s^y, p /it ll» atAl : 5w h\i pci minute, 
wht-tu ■* appiovniMtclv t * t 

V 7*5 \ J<> 1 /AY inches (70) 

-V. a f*<*th a r>i) t uJ«* for niitmaiy f>c.tMU£s«/>i doe* :i<»t eveed tiO.OOO. 

A" 111 r\.ihip|<‘ «d tht* < .lit Ill.ili* >11 o| I*, fill- total hud nil 

puH.\ Im mi me "f l’V VAR is /',’ \ ;r, s i /,*. ». «i \R, 

di VU' assumed li f<»l<•. anti /j /j I f , \ , 

/', \ fir .■iMi!* I \‘M • . 

th.it "ii die Mthri l«Miine ts 


/‘ t \ rr t » /,« \ |lf * n-lii.i (M * 

and 11 if intend! v >>i i»rr-v*»nr ip jp'iiiid'* |n-i opi.m iin li of pinjriiid 


.ihm is p 


,V i 


Sinih thi* ill IV me trllM<»JI / I'.SK.oon 


nr 

lis¬ 


ten 


* 

p'lltld- pOiiiiU when* il I the ili.ilMi-lt'T r.f the |iu1U a V 

ill ilt< h* "I tf l l- tin \ > ]*« i( V <>f thi- In’ll in In f p'l, Iinmitr S|ti(r 

* 52 INN AII 

/ ^ y ihr r* * i|ii-il]»'Ms may a|su 

hi- fnll^s 



Ji Auli Ur hind tint 4/ v* ■* *oii\itiiful t4«|»i"\MM.«n» ri mJikIi 
J udds vi’iy i , l a «'elv m aft ordinal! flu- Hfi- a t of the Wright 

n< tme at i tell! itn^les i ■» / i<imh£ thi*iot.il io;i<| fi«*iii n 75/' to 47 . 

In drum nunhinr'i the ;u matin# mi** tint it - itself Jnri^ilmlimlly 
w il Inn 1! ir pole put :es by ic;£o» of 1 !>»• ma^idii pull to which it 
is siibjii ted when disbar H axially# 1 A slight .monmt of end phy ih 
not dismfvaAlageoii^viru e il m\iiio -i iiion* uniform wear « a f Ihe 
nunnmbitor «urf.uv\ but it is seldom allowed to exceed iV.th of an 
inch In Jib in machines and it mint in- limited by rai*Hl 


x For thr tuTir* lirouKliWmln bv * t<> And fn> Akial rnovrniAnt of 

the annAtu#. arc F W I aM«*# " Vfagj»»-tlr < inlrnnn of It/rumo-rUi.tnr 
Msthinr*." Prof. Inti. Cl, Vol. !%?. pp .111 :*IA. 
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shoulder* on the VW* The centre of Uh* armature core mast he 
‘ in tine with thb centre of the pole-faces, so that there may be no 
magnetic procure against the collar musing it to heat up. t 

| 13. Ttmpentaftf of bearing. A second ami independent 
qtVstmn is 1 1 j** tempiatujr* whiHi the bearing will :i#tain in working. 
I f. whether with a pven diameter as fixed by (oriMderalions of 
strength and with a given .mimbej of revs, jn-r minute it can lie 
counted iijHin In he self-cooling. The rate .it d hie h heat is griurated 
in the fvurk <>f oven •ontiij; the fi iiltrin.il rrldainr t[ the tearing 
mi»s1 not In' greater than the rati" at which it can he dis-.ip.drd 
conveniently without anv limine increase of it*. ti-mprratute. Two 
iasrs then have to tfi* flintiuguished an online as the Waiing is 
dejxndent onlv iijhih its own faihation of heat from its outside 
Sill assisted by any mnveelinn Mlfrents due to totaling liia-iM*^ 
in * Jo**' poAiruity, or is aitilif tally cooled bv oil «*r water bring 
i m id.di d through d. 

The i ale at which heat i an be dissipated hum a hearing without 
in title ml cooling dei*-nd> ii|«>n a number <d rouiphv* unditmti*. chief 
alUfinjf whif h'are tile dlfhp 1i< e of tetil|Hl at me between the healing 
bush .ttul the si mound i UK air, and thw area of the racjiaiin:; surface of 
the metal pi imtliei-block. To these mii»1 U* added tin* elicit of 
the .uIiIiim! ventilation which, rsjirvially in dynamos. m.u arise 
In mu t lie pio\jnutv of the rotating ionimu1.il hi r»i armature winding. 
Hill for a given i ise of ti'in|n k ial un* of the beating bush wIf;t U i auses 
llu heat to l^e i otubif led to the outside of the phmunci -bhu k the 
late of dissipation may be taken as pPb|»»rhurtil to lire Miifaie 
of the journ.d or to ils piojtsted area ii‘ l'. s.» that for * mcU value 
of the use «>f trinpciaUuc theie corresponds a leitain sj*rciftc 
I,idI.dual of ho| se|>owt'r }>er M|tiaie inch of |>io|ei ted lustring mu fa<r 
whuh is Miml.il m healings of similar lyjv. .Vronimg to the 
experiments above-cited of lieu <>, I-aschr, I tie s|M'i the radiation 

•from the out .i fr of 1 he phi miner-block (the <>tl icma'.mp.g nln lump'd 
as in ring lubrication' increases faster than* the difference between 
the temperature of the.belling hn-di and lhat of the surrounding 
air. and. assuming an initial air temper .dure of 2d' l\, is appri#\i- 
DJiitilv proportional to,*he Isitli {tower i»f the r«-e of temperature 
of the hearti^ hudi, or h £,( /./)■ \ in >lill atr.putlt h reckoned 
in hoiM , f'i>wer |K*r MpuiY ulkh of projected bearing surface, k was 
found by experiment to be about *22*% X UP 1 in the case of ordinary 
hearings, and 42 x 10'* in the case of spectally massive bearings 
when / is in ilcgrecs t'entigrade. to dynantos. par tig f*rhap$ by 
reason of the ventilation, which iTalways more or less present from 
l he commutator or ar {nature winAmg. Ihese values appear to l>e 
exceeded in practice. The sjHMifie rale of radiation in horsejMiwer 
per square jnch probably range* 1rut^fld*8 to (MHft, and assuming 
\AxtxV \t\ Wso two Vuvid’vng cases t\w Rearing tef^pmUfres 1 are. 46° 1 C. 



1 atsnsvovs-cviutENT akma^vres m 
» 

and 6l°*5 C.. or the rises of temperature 36/2 C. and 4IM C., 
A then becomes as much as A) x l(K , * * 

To the quantity hJ‘ V must be added. in the ca?** <4 artificially 
cooler} bearings, thr heat that is absli acted |*r minute by water 
circ ulated round *,lu- U*aring «>r by ihdoil which is |m>sedthimijdi the 
bearing anti withdrawn as it brioines ln\it«-<j Thus in the lulter 
ca*<- Jt is fr»un«I that the oil leases tin; lieuling .it a lcllipetaliire 
al*mt 15 < Udnw that of the budl. i>t if fjie hi lei tV to Ik* tnain- 
laktu‘il at saVf 75 t .. tin* oil h\ivi-s .it 68* t . If it is then*fooled 
down to 45 i' and supplied anew |i« the U.imiij:, (J gallons Wing 
passed through the ht-aung j*-t Itmuqe.jhV late it which heal has 
been withdrawn is projmitional ti> 45 ^|nn~ttia' heat jrr 

gallon *' ft. \\ !ii n expiessed m A>usejiowei. tins quantity is to 
he added hi the rate of radiation tut’t. and then muii miM'ihcn 
li- iijn.il to the late at whii h heal is generated, n nuet#, 


«/W\ 

VI .. Itt.nwi 


,ii\rs 

IW.MHTI 


hniMq*i-a«i. 


J n 1 lie in< *ir o> iltfj.il v i .N’ id a lie.it Uig u illioiil at t ilu lal < *oH.111^ it 
is miiIv 1 he sjn« ip, rati* of radiation wliii h imot lx* equated to the 
late at which heat is fyn* Mated, both U*mg eNJite^ul. ( [*. ill hop* • 
|mWf'i jN-r sjjuali' ulili of Jvjuji-i led Waling '•ill fai r. •/Winning, 
then, the ,th'*\r eSpie^iolis lot h and ;i {eq. 78) fairiv to Te)«es# nt 
the f.nW finder <rdtu.uv tondihons of medium s|*erds. pn-ssiur, 
and teiiqx-iattne, the two tales of gi-nri.ilinn and radiation of heat 
id hor-epmei jvr wqw.ui*Ini'h of projMied healing siiil.uc when 
equated gi* 


45J > lit* 


k .[ f,' r< 


From lhis the im|K<ttaut result follow .fhaf with hearings of similar 
type rut Of a 1U jwoled. fo every lineal sjiecd of joiyn.d tljeri- mm- , 
vjk4hIn a [uftiMilir i» iiq<')ature rise md< p-uderitlv of its length and 
|itessine. An initial .ill lenqvratuir i.f A mav in a I! ciim*s 1m* 
assumed, so that 

* • 4>-U * 1(i A M 

; /> '[ J • 31 ; - S' . 180} 

i , k • 

o| with k 64 > If 1 4 # * 

175 r 1 k ‘ 


Fig 141 'iiows ilmi Curves, obtained from (80) with values of 
k •-■- 27 y 10 or GO >? 10'*. or 00” X 10 V the lust In-ing file highest 
for the case of no auxiliary ventilation. and lbA ml m mediate rurrr^ 
spniulinK to thr nfari' usual case- of dyn.udo Ix-anncs with srunc 
natural windage. The general vhayc of the curves is closely borne 
mit by experiment, idthmi^l! the value of the constant varies 
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considerably ; it ys practically independent ui the pressure, and so 
of the length \A l 1m: bearing, although there is a tendenc y for the 
re* to be slightly greater with higher pressure. 

From a ruive sut'h ( y» tie in* of Fig. 141 it ran at orm: Ih* deter-* 
joined vvtic-tlit-i it will la- nneVary to r»snrt tu ailitni.d moling in 
any given cav-, a jvaxiutum o-m|n*rai me which should not 1^* 
exceeded m tin; lufeh being tixetl .i( 7d' t Old the highest curve 
being taken m oid« a r t«*he on 1 he'sale side. 1 

|1 ii’lhus evident that Ji is only • >/ imp’it.tmc .c dcicnmning tin* 
question wlietfiei a he,mm; ut giv<M di n inter .Hid at a fixed speed 



» 


can be sell'tlulling, and its « \.ut value in nidiiMiy uss is of rt< 
gteal inteiest, si mV there is usiydlV a gnyd margin in reserve. Tlu 
necessary length of ihe healing can be made to appear depemlcnl 

«A r\ ' /ti'\ 

u|k.ii U. I.V th, «|....I.1V lafi -, Al k u l . »I ,I m h 


Hilt such de [violence i< more apparent than leal, since fi is itself 
increased by an increase in h. and it will lv hfhnd that |iy tub-dilution 
of llie full expression for fi and h m tcrms'of the tomjvnmiTV and 
vckxil v we simply VoJurn In out Viigm.d equal inn /’ P'p 
Wliile in the above a medium speed of journal surface has hern 


contemplated. the different lav*which h»4ds for very high peripheral 
speeds must be taken into accoiyd'm the of HnrtH^dynaroos. 
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Whea the peripheral speed of the journal jpccccd< 900 feel per 
minute, up to, sav, 4.000 feet per minute, the (nciitn is practically • 
independent of the Velocity. and between smh limits as from 
*JU to 2U0 lb. pressure per square inch, and consequent temperatures 
m the tubbing *iuf*ui"v uf ‘Ml* to lur i . Leslie found it to be 
upjJiHXinutely true that ftp! .i mii-VUt »2S-45, wheie p 
is m lb. jvc square inch and 1 m* 
degree'* t'entigtade. 1 Hu* horse- 
jvnvii geiu’i.ftid in the Ivaiing, 
if v is in feet j*r minute, is • 

,,/v * 

kukm :<:i tuNi 

i 

and, Mine ftp 28 45 7 , llu i.Ue 
of ge|ielati<»!i nf he.il Jvi Hpl.ilr 
inch id |*l*>jei Ii‘d .tte.i will !>»• 
i- 28 Is 

* *. .■» i • / 1 • ■* 

/ 

U* ti 11 If 1Ultl.ll 1< llipel.ilutt I- 

‘jfrr. • • 

W2 - In* 

i r.li'-'-l.t 20 ^ f 

ami if /.• tin >: 1o * 

14-:t> : . • 

Ab‘*Ve U£>’ (257 l ; he 

found that the lulu if.o mg pi«ip.-i 
ties uf nil rapidly felt off. 

4 14. Pedestals and plumraer- 
blocJa. * lit*' yyiiiMh .ueMippriti- 
i*d either h\ 2. 3, or 4 arms 1mm 
1 he end-shield cading-* M small 
* iT^iltijMibi tnachiiies (Jug. 142), 

' r by jx-dr-iats *iii'h ephei f*rig j' tv kf i»« m « u 4 an. I i 

jmrt of the baseplate casting <-e-ni.e *.i 
nr are separate plummcr-blitf k*> * 

(Figs. 143 ami 144 1 . IJiev ujg tilled with ;i gUll met a I nr phosphor 
bronze " brass,” or wiiti a • ast-imn shell <>r bush lined with white- 
tnetah J'h* white-ntL’Ud is hxkM m the shell bv U-ing run into 
recesses* or grooves it whirh*havr a d.'Ve*aih*d *c-r lion or over¬ 
hanging edges. In all excejfc small machines the while-un-tpl 
bearing is to Iv ^referrrd, since if the 1 valine becomes overheated 
the ttiiilc-mcta) metis and ninsgont; indication js thus given of 
the overheating without hi bumh injury lo the running surface of 




rusert'W in tin* upp^r p.ift of tlio [vllrstal. The may U* solul 
when it can be slipped over the end of the slwft, and then has a 
shoulder at*one end to prevent Sixial^moifement in one^direction. 
But preferably it is split, and can/hen have\a shoulder at cither 
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end (tigs. 142 and 1411); tin* pedestal i> 'provided with ;« 
separate cap fastened by two or jutv screws ami the arrangement 
has tilt advantage that the two halve* van bt*ac)oM*i) tngi-thei V 
take U|i wear, while the solid bush wljpn appreciably \\"in iispmo 
to lie entirely lelifted with whtte-nirud Jh< # divs>mn of the tap 
from the jkdcstal should U* apixnxuvate!^ at light ..ngle> (.. the line 
of lltiximiuii revolt ant ijrrvtutc tlfwiN the Uiijlig ; Ilie 4 }itiri( should 
therefore, m layje dynamos duven l>y lulling ni»hv a 

bori/onia! ^cam-engine, lu ■ imhqgda' about 45 to the witnal. 

In order to facilitate the scM-ahtpnucnt of the h a # m/«»ii the diall. 




r ) • (>m * 


o’ 1 *. O’ 


f , 


Sr*Jf «r lLcbr* 

o i \ a b io n 14 :i 


• • ,* 

ii<., 1H -S-lf ,iliL<imur s|»l*«-rn .1 Umfih? 

1 he »!rrvr or biisJi m the rominutalot hearing ol the due. tjy 'Inveil 
dvn<mff> h frequent 1 \^m» made as allow *4 ,i i ■ ftaiu am< mil of 
WlVd/Mt£ movement l hi outside 0*1 the l»Us|l at the middle uf 
iu length forms part of a sphere, and is^iven a ■ ni responding!)' 
spherical sealing (4*ig■ 141], nr if y»e pn-s^uir he small the scaling 
may lx* cylindrical when the hush may lx: ^lip|W'<l m from the end 
within a solid pedestal. » * 

At each enif of •the hearing are flooded i hamNT* in whic h llw- ojJ 
which exudes from the ends of the jofirnal is <aiighr and relumed by 
grooves cut at the |x>*om of the hearing into ft leseivoir These 
grooves should lx? of ample section anr^with sufficient fall 'to ret urn 
the oil quickly tjie reservoir. At the end nearest in the armature 
the shaft must 1* provided with an oif-tiirrurt to jn event I he oil from 
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creeping along the shaft on to the armature or commutator or brush- 
carrier and there <testroying the insulation. Either an u;>standing 
annular ridge is formed on the shaft when it is turned, or a collar with 
a til in f wanted edge of larger^ diameter is shrunk on In die shaft 
(Tigs, 200 and 1K4 j; in either case the oil is df.iwn to the outer 
edge of the ring and tfa-tu e is Auyigoff by centrifugal force ami caught 
in the hollol chamber withm the hearing. Hu- curvature of 
tlie In oil must he mi* h os to cause the oil to he returned on the 

4 

healing side raihet than nil the armature side, uhi-me ii may chip 
on to die shaft past the nil-throw :r. At the outer or commutator 
end a plate over theojAiing of the faring is of convenience to 
prevent die enhance of dust, and in other cases, if the rotating 
fiuiMlutr winding, or die proximity of a fan causes a draught of 
aii alui&ghr Wiring, a hi ass i ing in halves should he fitted so as 
i Insady Ic' embrace the shaft at the etui of the InMiing, in "tder to 
pii-venl the oil being drawn along die shaft. 

In small machine's the white rnrhd is ..■limes run diin tlv into 

dir 4 us!-ii mi yieilestaly an oiled malliliil or tin* anna line -hall itwlf 
being ptevioiisly insiuted and hehl Centially in plate so that the 
mel.d may Hill loiiiul it. The whole is heated up, and passages ale 
left to a|Jow the heated air to he t. As the niet.il cools the 

muidnl is tinned round m guides hy hand, and a haul smooth 
surface* is obtained which cWs not. requite to he subsequently 
mad imed. 

| 16. Lfcbricttion of bearings, lai^ination is usually effected in 
dynamo hearings by means of brass ni cast white-metal «i alu- 
minium rings (bigs, 143 and 144) wiiuh lest on I hi- jocund and dip 
into ;m oil reservoir, foiined in the hollow pedestal and of sufficient 
si/e to allow any sediment in the oil to settle. The action of the 
rings is slightly ta|ietc4l, being bn»adel at the base ; when the shaft 
rotates they are carried slowly muml by the friction of jhuir contact 
with it, so that die journal becomes seif-Inht (eating, as soon as the 
armature rotates, lu the upper half of the bush or linn are as 
many gaj* as lliere are rings, while the bottom half remains whole ; 
or tlu i gaps in the upper halfjmty he joined bv bridge piece^at tlu* 
sides so as not to interfere v?Uli inspection ot the working of the 
rings through oivnings *it the top (Bg. 142)* The oil is drawn 
up by tin* motion of the; ring atul at the top of she journal enters 
a recess cut longitudinally along ihe brass, whence it is distributed 
by groove's cut spirally along the inner surface. Alt such grooves 
and recesses must be sealed 4 t their tardier end* so as to confine 
the oil, and it isbujKntant tliaj the oil should l>e introduced at the 
point o( least procure so that it may be swept forwards by the 
rotating shaft ; hence the grooves should follow the direction of 
rotation, and if the pressure befcveen journal ^nd t bearing should 
prevent the entry of the oil pif this side, the grooves must be made 




to feed a second recess at some point where till itajurc is relieved. • 
l ; ig 145 shows a Waring opened at the top aiuf unro!le<!; with the 
given direction of rotation the oil i< fed into ;he right-hand longi¬ 
tudinal r<nw, and thence distributed by tin* giamves. The e^lges 
of (he grooves tifhst not bo sharp, but must W sli^itly rounded off 
$o as to allow tile oil to he drawp over thuT^liaft bv its rot alien. 
Care nm^t l»e taken ikiat tin* actual !>eai mg suif.m* i>»not too mut !i 
reduced by tjjc ginows. At each end,of llie hush uiefiirum- 
ferenli.il grooves to «.dUn t the ml and Mum V t ’ the tesetvoir 
through the verlic.il lioW m 9 ihe * ' 

gHH»Ves before it spreads olllW.ild* * • 

alon#; the shall. Clearance 1 hrtwnyi 
the journal ami 1 >u<h rediues the 
Iriition. hut lias to W kept small to 
avoid vibration, e^ps ully at 11t«- 
cotmimtator t-nd ; tin* duiiiirtei >>\ 
the heating i:X« eeds the diameter of 
the shaft J 3 v 2 to 4 mils, according • 
to the size of shall. The rings and 
the suil uv at •tit*' sides against 
which they may touch* imM be ) 
ipiite smooili. Where it i- in* on >. 
lenient <u ynj^i^iMe tothnad them i; 
over the shah they must he in two 
halves, hinged together. atl«J fastened 
at lhe opjKisite siite hy a screw ol \ 

spring rtip* as in big. 146. Ihe | j | | - j \ 

diameter of die nngs should be about •! | | | . / i | j //\\ 

one and a half times lhat of the ^ i ' I j c/ J 

journal, and large enough to pass y * ! **r L I ? 
over Ole ends of file bras-* 1 , t hi Br**» tutlhrcu(h Trr>m lap tstd nptc+4 oot 
hearings rXi’ec/tmg 8 iuclus in J-|r, MS PUnofoil ftr<*w*x in 
length two nr nn*re rings mav he !*.«*. 

eyipl« >\ i'i 1. Chains ait' also sometimes 

em]&>yed in place of rings, hut although they hf** m**i■“ *>il di> y aie 
Hot so suitahh-. s|u< r tJn'V ll'Cossjlafr moirof IJn- bia-.s bring inf 
♦away, and .it high 'perds i.hn‘ frothing of die oil owing to the 
admixture of ,iip, The oil should re# srgnd so high in the iwtvoir 
as to clog The flee movement of ihe ring', »*r to Its*- m1«> the g;onw 
at the bottom of die hush, am! itsdieight is ikiuJIv unhealed hy 
an <nl gauge ufith which may lx* (**mbmrd a draining tap for nv 
when at intervals the oil fias to <fi.mg«d (fug 142 or big. M3) , 




i See “ TV.uinKs iol Hjjjh Jijmffds.** I rn/tf/n atJ 7 

A'vA. (5. pp. 44 4*», wher»r exjy6m»-tds ;ur-l!*1sn given as 1*« th*- auftiunt of oil 
fVIivprfsl bv rwps tfjbncaii^i, ami ' Mram lurlnm* ami furl*> f^-neialon '* 
W. J. A. London), J'WTnP |y. tWT-P^Ml. 

• I 




m 


CHAPTER XII! 


The covers of, the inspection openings if circular plugs, should be 
fastened to the Iwanngs by a small chain to prevent their being 
JfWt. but |weferably a are either sliding or lunged with a spring to 
keep them (losed. 'Nine must lx? good clearance lietuern the ring 
in its utii king |>ositir»n am) the sin rounding wahs so as to lessen 
the amount of oil thrown on to the joint whetne it will creep to the 
out sick- ; a '■tr|»j»rd or h-glsleicd joint !-► foi 1 lie* Mine reason of 
, as-'islalh e, and should be employed in 

■***- ft.- , . , * - 

large U\inng^. In any case tile joint 
of I 1 m f.p|it>beaimg should ]«< c.irefully 
surfaced so as to prevent the ml work¬ 
ing its w.iv through it, In Urge 
m.nhmes rtie U-.tungs an* sometimes 
arranged with a wab-t j.t« k«t through 
wliuh a stream of water tan lie passed 
in ihoemeigcm y of a hot beating. 

$ 16 . LuuUting materials. No one 
substance i Hinbtni -. all the vaiioiis 
qualities that go to make up the ideal 
insiil.it mg mateiial. and among a 

number of malrliaK a judh imis selec¬ 
tion lias in be made to obtain that 

vtInch is best suited to ?!..t end 

in view. 1-01 iii'U lari tig piup»*scs jri 
dynamo wi*ik a fngh sp t - f itu resist a nee, a^ expressed bv megohms 
}K*t <eutimetie nila* uf the material, is 1»v no means so 

imjMUut as a high “ i/intu/'/i, c " or ilwhelm ■ \lren^th to 
resist breaking flown under the sirens of.a high voltage. Ihe 
one propel ty is imi ni-cesMiilv .urouipanird by the other, and 
in fad no veiy direct* relation between the two can be traced. 
(umjMiiM.ii of the \ a I tie of different materials must theft-fore 

pnnnuilv In* based upon the \ ullage fconlinuoiis mi tnaximiiru 

alternating voltsl which on an average they ran be relied upon to 
wit list and jut mil of thickness without f**ing pierced For ihe 

Mine ... Volts the altcrn.tring current i> the more hktiv to 

cause puncture probatilv chietlv owing to the heat mg of < her held trie 
which results from the alienating electnitalic stress. The energy 
loss in a dielectric mulrr such stress is for the SMiie temperature 
IWoporUon.il to tlie square <>f the voltage, and also increases with 
the frequency. A high frequency is therefore more trying, since 
under many circumstances the heat cannot he dissipated as quicklv 
as it is genet a ted s the teiiqviatjire then rises perhaps only locally, 
but this again increases the heating, and so *n cumulative)y until 
breakdown occurs, especially if the initial temperature is high. 
Fibrous '’materials usually break «h>wn from hurpiqg rather than 
from dielectric rupture, unlesj tiie applied*. voltage is much above 
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the materials disruptive strength, when the rupifire i> yistanUiUHiu*. 
For the same reason the severity of the test mavises with ihr Instil 
rrf time for which the pressure is applied, ahhuu^not veiy markedly, 
as imich dejieiuls upon the circumstances. A tlm.it imi nf I to A 
minutes |S sufficiently lonj; lopw teliuhk- results . Jn-lwren I .out 

10 minutes thae is usually a reduction ni -t.tw. T 15 ]ki cent. m tiu 1 
disruptive strength 1 

i he electrolvtic .n1 1 <»n which mi^ld W, tea l ed unit ronttfmoiis 
current is tendered mm s unns m j>m« ij»r twain*; m tin l.»ct that the 
heating of the dynamo whriuii w*tk dnvrs vlfthe nn^tnn wiihnul 
which rlei ti'i*Ksis raim<>t he set up ; it is^tiifo of mippM.uur m the 
uv of tiewlv wound i oils <■[ dyuaiih^s that hafr tk-ni si.mdme foi 
some time m a daiuj> place • * 

At tile head nf the list uf uisiiLiimj; inaleiul". ,t = '-iui«i»nk it lull v 
el the must valuable qualities, stands trinit ifc-udrs hrin^ tiuom 
hiistihle, it ls j)nndiY£i<•'•Topic {s,, that it does n.<t ah^uh ni'^liiir 
if the d\ nauio is r\|nis‘<l to damp, and d<«s mu in « <mospieiu e 
deteriorateV ami met hum< ally 'll "11*; hi mth-Lind lji.-ut pi.-.au. 
its sjn-vitie disruptive strength vanes i ilindi t.iHv in dilhnnt 
qualities. that of pure white lima Uin*; yh\ hipli lint .illluMt-'h 

11 must he Itee fiom non o\t<le in pa It lies of am I hn k ness. % t lie lint a 

lot iiimiDrru.ll ttoik need not he enUh lv il an p il* HI . '-Oeaked 
or jtriTfl s|H)tted mica may he roiinii-d >di to withstand a pn ssiue 
of 1.000 maximum volts foi rvuv tlioijs uidtli o| ,m hk ]j m thu km-ss 
Miia tn its natural stale !mwv\<t. !«■ olitain**! m lai^e 

sheets; and further. \\ is i-xtieiOelv inflexible wh«ti ail applet (aide 
thickness ha*1o he hellt M a miivi-i] uilfiii r nf siuall ladlift I in 
the score of pine and tin nerd f«M in nlaliui; ruivi-d «<i |i|.>keti 
surfaces, it therejoirbr»nines mccssii v in employ the ai tih< ia1 foi ins 
of mica known as muamit and iwfcwi/. • 

Tile v artitii tal tains are made of sniall and tlutt bimiMr i«t liin a 
re as^'inhleu lptn'u sheet and < i'lNcMed 1n*.vthu with an msnlaliu^ 
fium mulct treat files*, me ami hitfh h’ltijieraTui i\ Owm^ in then 
greater homogeneity tlieit disruptive i< iu. r ih js il amt hour moir 
unifortn than tiiat of pure mn a, ind muv al-o |v taken as I fttio 
maximum soils per uni of thickm-’s at nofinuv t« mj« i.lime 1 * 
The specific strength of <om|*M!r mwa phflutts is hut h tie alf«i ted 
1>V rise* of temperature, and their ly-atma u/idei a rapidly alterriahiri; 
potential is hut small In ordei in apply llie mw.'iiutr In the 

1 See Tninf| And llntarlp Ihr I»^ulatA>» •>/ hlutru Xtiuhtnf- !tVtr»,iN 

A Son>l ; Firm in I and Ji’\iu«>n, 7 hr lj>nuiott..n ,m/f ffr*n’ti '<( Ilr.trual 
ir»nrfi*f* (UmcmAnst ; Miles Wllkrr. JtUi ,/./ hvr.,n*>• 

rh<trt, XJacfiiKrr}', p]> 174 1#7 ; K*yn^V ” K'*|w.rt >’Ti i• J sprt 

rnentt camM nut At tfcr NaMonal PhvNcal v ," J'iut* I h I- . 

\al 34. n fit 3, and " 1Ii|ch-vs>ttACv Twts, He /?««« t /' 1 Vo! 4t», p 3 , 
Miles Walker. Jour*. I.UK., V<J, 47 jJ 5M S J ; .v<*fsfcnl. ‘ (f'he i 1u 
ractrrutics of ImoUtmn KejiMAJioe. Jouth IKK. V r ol -S2. p. SJ ; and 
A. S. Langsdorf, ’* Tlic of Irwttlafcnp," Kkrtr. World, V»J. 52, \> M2 
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armature * ore, it Is heated to about ^3t*0° F\, the kind employed being 
stu b that it then become* soft and pliable, and tan be easily moulded 
on to c urved surfaces. Flexible micamte is alx> nude which, has a 
slightly hi wet disruptive sireiV^tli, 750 maximum volts pel mil when 
odd, and lastly rmcanitc cloth, which has a hacking <*f fine mu'din or 
linen, or micamte paper in which tlw backing i^ nf pa|*-r on one <u 
InrtJj sides. 'Jhc: layers ut mica list* from - to J as the thickness 
irnreaa*s from tHMJH" to IMJI4" in the case ot eloih, or from 00U5" 
lofMH I" m the case of }u|N*r. The piercmg voltage of the two latter 
is less than rti the case of the shyet , jt averages from 450 to 85U 
maximum volts j»er tad i<»i paper, anil from 430 to 7*10 for linen, 
hut dr p ruls to some extent on the method and carefulness nf the 
'manufacture. 

In grin" a| the i in vis for disruptivr strength in relation b> thick- 
ni'ss gi.iditallv lieiid over, showing that the strength p»*i mil in thin 
sheets is not maintained with greater thickness. With mica pro¬ 
ducts this is not vriy marked, and when present it probably due 
fn ♦♦ant of complete homogeneitv, as, eg. through the inclusion 
of a minute an bubble m natmal mu a, or of varying amounts of 
cement in the .uldi'ial forms. eilJiei ol which «; U'-es may alter tlm 
gradlelUjd the f»>1«-nhal fall thioiigh tin material. 

In the case of <>igame libn.ii> materials in sheets, whether un- 
treated ov impregnated with insulating vaiiii'lie-, the decreasing 
strength pel layer is ipiitc* m.uked, **> that it lias been said that the 
disruptive stivngl h is pro]*! lioiial io the jrd' power of the' thickness. 
Hut the reason is not cleat, and U is piobahlv to be asrrilied either 
io films of an between I he layus unless ttn-se arc very tightly 
compressed, or to inegul.miy of impregnat ; on by the ml or varnish, 
or Io the presence of nioHurv si ill remaining in tin? inner layers. 

the sjcecitic imulaii.m ie*i*t.mce of organic materials, such as 
paper, linen. c otton, or vitk am/ed tibie, is much improved by such 
moderate healing as will expel all moisture, arid >o also is their 
disruptive >rrengtil. Hut as the temperature is increased above 
81 )° (\ t heir sets in a real delei jurat ton due to pallia! disintegration 
<d the material. if the heat mg * m.uni ailied fm long i*rind?., as is 
the case with dynamos after many vc\us of work. The effect of 
temperature, and also ^he allied c) notion of brittleness after ft,*’- 
<|Uent heating thus become *dl jpipnrtant when.we pass from tlie 
inorganic mica series, 

Klwmite and vulcanite au unsuitable v fi»r coil m core insulation 
from their brittleness when *‘nhl. and from the faev that they soften 
at a temperature of 65 1 w$ueh is within the working range of 
the dynamo, while mblror pioducts are inadmissible from their 
deterioration under the action of lighj and air. 

Red*or grey vulcanised fibre in thin sheets up to 04100“ has a 
disruptive strength of 400-2(K) t inaxuimin\volts per mil of thickness ; 
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it is meclianicaljy strong, tottgh, and durable,^wt i\ is wry hygrtv • 
scopic, when dry quickly absorbing moisture and swelling, and 
shrinking again when heated; fiirthti, it favnmts brittle w)i»n 
continually heated. so that it ha- ^actually been su|*ri>*edrd as a 
material for insulating dynamo coils »>r eoivs. , 

Passing these by, then-fine, ohik* to* pt(>ssf\tb», which in 
thin sheets is largely used lor low voltages, and jvjssosv-s manv 
reeoimitemUtyuis. It is flexible. h<>m<*;<Tlr«'iK, and milk am i J i 
tliiikiiiss, with a smooth gluva^ mu fan- ; it is, bowevei, somewhat 
hygroscopic, especially d trea^il. which drMtoy it>*gU/ed surface, 
and must always be carefully tilled fa fufe i?*. Ji vanes greatly in 
quality, but on an average when liiniougldyMiied it has in sheets 
CJ-010" thick, a disruptive strength of 4<Mi maximum \olts \** did 
<d thickness, decreasing m sheets of tMMu 1 ’ thi. km .s V *100 volts 
per mil. Much the same i eduction is found \uuii sewial thin 
sheets are used to give the same total ihit kins'-, and m eitfa-i can* 
if erea^d it cannot he relied iq>on to withstand more than 250 
maximum volts per mil. II dried soaked in hot linseed '■d lor 
several hours,ami then again thoroughly *ti led, a thill du et of IMtllJ" 
which will haw-Increased in thickness to 0-016* has its dtstoptive 
strength increased lo 52d rnaxiituuii volts mil nt it^ inn eased 
thickness, but this improvement as ininpaird with nnlle.itrd 
pr<*ss-s|M}qi is nut maintained when several sheets ate sujy-i 

on one a riot I nr. Plain varnishing of tin mu fact' with a g.I 

insulating coating fa equally rih-tlive, ami <.in min- tin- ■hsinptne 
strength to bOO \Ai+ or even umie. all hough, stiirtlv quaking, 
the effect <*m hardly he stated as dejx-ndi nt on the rniK of total 
thickness. • 

Linen*, i cambric, muslin, and other stuffs impiegn.ili'<l with Ivmr- 
1 mu led hiw*ed oil or other varnishes, ic. ‘‘oiled hneii.” cl*., whuli 
are sold lyider v.pious trade names, air fI«>m their llexiluhlv i-sjrc! 
ally useful far tin* insulation <d tin* groups of wio-s in fanner-wound 
tolls. In general for a ill it kne>s of (MHKi' ihey may be tidied up*m 
U) have a disrupt ivc strength of l.OtNi -Son volts i>er mil of Ihickriess 
at ft dinary temperatures of the fetip«*p|ii it\ deceasing to 500-300 
volts l>er mil in greater thickness** m» to JMMO*, or in siqieijuM-d 
♦ layers. In many cases the effed *4 U‘«|ipnu1iin j iqxin Mtrh fa tons 
is marked, the*disruptive strength*fa:iug rodmed at H0° t . to 350 
maximum vi>lts per mil for the Ihinner, and to 270 volts for the 
thicker sheets, while at higher temperatures iln* reduction may fa- 
still greater, the figures a pproa idling to 'kK) and 2U0 rnaxiumm 
volts per mil respectively far thefthm and thick limits given above., 
Canvas varnished ti not sufficiently good toVdy upon as armature 
insulation. , , 

Thin cotton tape 0-006' thick has a dfaniirtive strength of about 
150-100 maximum vdls jw mif, jnd is turf greatly improved by 
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varnishing, although this precaution i< very necessary in order to 
check its absorption of moisture. 

Lastly, we come in'papers of various kinds, which must always In* 
routed with insulating varnish on a<'count nf their hygroscopic 
nature, and wtuch an* in fail chic tty to tic regarded as carriers of 
the varnish, so that they should possess mechanical strength. On 
tiles? grounds Mimlli, Willesdcn, and Itond papers are valuable, 
since, Imude.s being mechanically strong, they show a fairly uniform 
disruptive strength under different conditions of thickness. lem- 
jJiT.ilurr, anrl duration of t«*st. Wbn uritjeated they break down 
wit ha ibu kjn-ss of otKgi^apptrj \ mi.it ej\ |w‘twmi35H 250 maximum 
volts jht uid, and when built up to 0-040* brtwix-u 2d5--l 50 v'olls 
jht iki), but with a good vatmdi or iuijitrgnabd with hot linseed 
oil for somtvtmie (for which iheir hbimis n.iluie lenders them well 
suited) and thoroughly dlied, these figures are raised to amounts 
varying from l.ifOO-HOO m thin sheets, and from volts in 

thicker sheets respectively per mil of the thickness after treatment. 
Very v.arr hillv jjieji.ued pajKTs itsuh a streiiglh <>j even 1.250 to 
1.500 maximum volts pel mil. On the whole tin- papers .ire better 
eject mall v than the hneris anil impregnated Wbrics, hut are 
mechanically not -o strong 

A\hf\it j< pAr is to a coiisidei.ible extent incomhitstibte. yet is 
of hul little use owing to ils living strongly hvgi nsropn ; its dis- 
mptive sftength is only about IU0 maximum volts per mil, hul t an 
lie incteased by soaking m insulating nif-or paraffin wax. 

All papers arid linens should hr carefully examined for pinholes or 
metal put tries .ulhering to their surface 

Of recent years, cellulose .uvt.ite lias been Introduced as a new 
instil ding material which i> non inflammable and a good insulator. 

It can Ik* moulded into lubes, and its ultimate field will depend on 
its durability which a longer experience can alone show*. 

As a plastic insulator which can be moulded, a cp tide ns it ton 
jirodiu t from the chemical action of phenol on formaldehyde, known 
as " Hake1 1 U* “ from its discoverer, IV [.. H Hackland. has also 
met with considerable success* irj slabs or as par'.king-pieces. 

The function of insulating varnish** is, in the first place, to rein¬ 
force the disiuphve s|length of fibrous materials bV filling up their 1 
interstices and covering Iheitsunacqvith a layer of highly insulating 
material ; in the secc ul place, to jn event the re-entrance of moisture 
into their pores after they have once been well dried ; and finally, 
on exterior surfaces to give and maintain k smooth hard finish. 
/Hie varnish should be quick drying, without requiring the use of a 
large amount of an expensive and highly in/L^rmable solvent to 
lliin it and to prevent it from ^drying up in the dipping bath. It 

¥ 

1 See *' Mt milled Insulating Onmpmithvn*," by R T. Fleming. Jaunt. I B E, 
Supplement to Vol. 57, p. ifij.t 



00RT1NV0US-CVRREKT . I RSI A h ’RES 321 

I 

should be cbemkaBy stable, >and should nut foiftain bee resinous 
adds which attack copper and produce greeit salts'of very low 
resistance ; it should not soften under heat, ajid should he water 
proof and unaffected by lubricatini* ui). Iv^hx dally is it deMiabk* 
that varnishes should not become brittle, it.uk or pet-1 off, but 
remain letiglt, flexible, and elastic alter pioltfnp d heating ; nndei 
the combi nett Hints of heat and Ion J;-< “illumed wbialioh ihey 
must show no tendency to disuilegiate up o' piwdei m 

Shellac dissolved m methylated ''pints dries quickly and sinks 
well, hut becomes biillfe Umtl jfoje and tjn.iti.ri* , *ii is ihelefmc 
unsuitable fnt p'lieial use, and a sfmjfai •Inhilil V to ]m\\ deling 
forbids the use of copal mid asplulhim \ann*!n*v 

Die action i»f lubricating ml on vafmdirs is that'll umies pitti 
part only of the const iluenis • the v.unidi and I'n in ■ li^i Mlrsitre 
acids which Altai k c<>p]K*i, as evidenced by peeji d. j oloi.itimi'. and 
finally reduce ihe nsM.iiue s.. mm It dial breakdown follows. Mu- 
paraffin tlon-arid v.nntdirs all 1 fire hum the liability to <hemi<al 
resolution. sime they mule wholly with thecal without Jf'iuKjduir 
insulalm# properties ; they are, howevri*. ditlmdl i»* dry and to 
handle, do not a smooth h!bd mu hue. and ftom the very fail 
that tlieV lemain plisti* Mter piulojipd healing .ue liable 1'* lx* 
thrown mil bv the ;v tn*n of Mniiifiif.il forte m tin- use o| 
quit klvioi a mm <«>ds 

There remains IniM t d oil wilh hi without idnovluo - of \ep-lable 
leMii* and jjmns. I lnxnl ml requm-s in be o\idi/ed'm older to 
dry it. so that tin- \d vantage of tie- \ at mini * ha mint tn diving 
without fhe’apph* at ton of tfleal heat is |,u^id\ uulhtii d, JUm- atr 
lias to l«* admit 1e<l at intervals and M«>v m*; is ,|s rffr* 1 j\ «• alid mote 
rapid ; fmlhet. theoMdalimi j»mh essloiuium dbv the lapitl rotation 
of wells nil dated armatures m time ii-u<kis th«- 'inim' bliMle 
J lit- well oxidized substance lias Jieen i ailed " lilio\yn, * and is a 
stable Ixnfv. sAlflf but slightly flexible. 1 I'lidd srVeie condition* 
as when o/one is produced bv silent ele. tii^iain dh< liaise |*etwerii 
insulated wires and the shit iiiMilaiion m exila high -\* ftape alter - 
iMliifs, the oxidation pmew is tamed ton far and .w the result 
of this f ‘ su peroxidation ‘*i?>•* msid.H wm Wynnes s<* fi and pasty. 
C hemical product* arc then foimed flljuh are soluble in waiet, 
corrode the insulation, and Attack 4 he p opper. 1-^tly. \Unv J* 
some risk of ml combining with bn seed-ml varnishes under the 
action of gentle, heat V* '■» the whole foi mipn^naliruf purpose* 
the balance of ;*1vamaw may peril,|ps1»e saidioieM with hnsndojJ 
compounds, since they can 1x j fcijen various rkipers of quic kness 
in drying, of ton^hrfss and of smoothness id^arthuc. according to 
the purpose which they are to serve, and rt is Ix-tlcr in practice 
to prevent lybrjr siting oil from reaT Juny the varnished surfaie. 

1 C. J ikam, Joum. J£X, Vg| 49. j>. 552. 
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Cottofl-covcrerJ toils should be iliM before the varnish is applied 
since acid moisture in the covering may with the linseed oil product 
deterioration, foj^ varnished with Jinseed-oil frequently show 
a greenish discoloration of the cotton insulation due to the action 
of Wr.ik organic ar ids on tin 1 copper wire, hut such discoloration 
is pra< lit ally harml^s, and must not In 1 confounded with the 
follosinit ih In to liigh-vollagr dischaiges , 1 landed oil ex^wnds 
in diytVg. whn h is of advantage in closely filling all 

To withstand the arid fumes in Jlu* )>roximiiy <>f accumulators, 
serial exlfiioi efiaiorls.aie required. 

| 17. The uuralation oi armature trim.—'J hr armatuic con- 
duririi -n. oi’ i itlin roiuid wires (in sjni ia) nv > mad'- up inlostranded 
(jJih's) oi solid fmrs of reft angular for Jess usually of square! 
c riKs-vs tiij*) with slightly rounded earners. In all cast's soft 
annealed copper js <mp|oyrd l*ith foi the at live conductor-. and 
also for then i nrih*Inis, and such < upper is now romtiirivully 
obtained m accordance with a slnudard of rondm I ivtiy d«hjii-d by 
international agreement, viz., that a metre length of Standard 
Annealed Topper Wife 1 *a|. mm. in section 1 1 aie.i, has a resistant e 
of .’.jtli of an ohm at 20' 1 mi that its ii*sistivify at*that tvmperatuie 
is 1 -724 min ohms ]K-r cm. rube. So long as the« urrent to be i arried 
1>V each active conductor does not exceed about am|vn-s, solid 
wires of l ire nl.it sn iir»n t an lie usi-d ; iheir dt nnetei will not exceed 


% 


lM50*. and they rail he leadilv heUt or sh.t|x-ii. Singled »1 ton 
coveting d<Vs riol give Mift'n irmly good irisuUtioti f<»r armature 
wires, and ifouNt' cotton cmwitfg bv itself is oniv suit a Ide for a j ma¬ 
tures of low Voltage and on small wiles, dun- it is apt In ujvli out 
when the wile is held. Puiiblc t otMn env-ring adds Id mils to 
the diameter of a wire measuring 0*050' or less, 12 mils to the diam¬ 
eter of a win* measuring from 0 055' to I>*07 y, and 14 mils to the 
diameter of wires above that size, the thickness of the cotton thread 


employed being iti<leased on the laigcr wires. A line,; thread may 
also be obtained at slightly increased cost by the use of which the 
increase of diameter* is reduced to 8 mils for wires from 0-028' 
to 0 038* tlumetei, m 8 mils from 0-040* to 0 050’ diameter. and 
above to 10 mils, liipleaniton covering is too thick and wastes 
space, so that the most usuft] insulation is a bruiJed cotton 
With fine cotton this may Ik? Mkct* as adding 13 mils on a diameter 
of 0-080* or less, !5 mils on to 0-100* diameter, and 17 mils if the 
bare diameter Ik* 0-180', ^ 

The percentage of the total slpt area which is filled with copper in 
a toothed armature turns ii|h»ii tjwo entirely independent ^questions. 
The first, which is foF the present postponed. i*the relation between 
the thickness of ihe insulating lining of the slot or envelope of a 
composite coil to the width and depth of the slot, which will depend 


1 A- P- N. Fleming and R. JotyuAn, Jtmrr. Jt£ K„ Vi4- 47, p, 550. 
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area of each wire ami also upon its shipr. The smaller the wire, lhe 
Kfeater the spare which the thickness of ns insulation taken up in 
prii|x>rlir>n to it> ai»-a. so that small outputs, high vidUgf*. *fld low 
s|ve«U aJJ to itriuam.* more room for insulation than their 

opjHP'.iti*s ; further, small found wife-* utilize the spare limi h less 
cftieiciltlv than <ot»dfHtnis i*f the same area with WJtl-irV oj leCt- 
an^ular i rnv>. sri lion. Tin* r.ifio of rupjM] to spare oreupied for 
small *4iirf taitfe roiulueVas resjin lively, m then !* spate factor 
is plotted in J j i^s. 117. 148 m relation in their eupjw area ; (mm 
these hf'iife, .1 miNlhci of rntli ills oils a|e evident to the eVV, alld 
it is at nine sirn how fai it is j*»sihle to j*o m making u-r "t the 
available space to he oiMipii-d hv tin- rondm tors. 

J‘oiihlr si!k ic»\ejiJi^ h^'tiliy vai lushed only adds front 11 to 5 mils 
hr* the dl4*nrlel, a ltd sirin' iviv small HMHld wiles below 11*140' 


Ratio of copper to epics occupied 



diaitulri, as Used in small motors, are, when silk-covered. less than 
twice a> expulsive as cotton-braided wires, the saving m the space 
which thev lake lip as sliown m^'iK- 147 (on Jhe MipjmMi mil that 
there is n.» bedding nl the round wires) may more 1 hail compensate 
for their increased co*t, while (or still smaller wires the use of silk 
iHHomes a necessity. Wiles Ifss t^'ian (HMO* in diameter, however, 
hardly enter into ordinary dynamo practice, and above this size 
silk covering is prohibited by tlie fact that*it more thaij doubles the 
cost of the insulated wire. A dine cot tond>raiding will add 14 to 
15 mils to each dimension of a. small rectauvular conductor, say, 
(MlKl* x IHtSr hare, and such conductors, <ven though of small 
area, soon show nearly as ^oud a result, is silk-covered round wires. 
Square niiKhidors which would utffitt the sjsue liest 'ire in practice 
to t* avoided, as their tei)de«y>*to turn ni*edge rentier* them very 
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diffkuli {v wind and to ln*n»JPwtihotii djugej of ihejr uinmc into 
tltc insulation id neighbouring wires in the Mine toil. There is, 
however, tin wry ct^t )«*»• of »jwc with its uvgulat bunled wins 
with 4 : 1 iati»i of depth to width, ayl still U-v* with 2 :1 rail s so 
thill for any area* above, sty. oil* \ t»OxV a i< < i jugular strip is 
to be irtommrmkd 

1 ♦ 

\\v thus [M'.-i gradtj.dlv to ,r k»i •winding.“ the ihmeiisioih of 
Luge m ungual hats Urng mui,is«d l»v V-itti" with double*/niton 
luvermg and by 1111*25' with hi,tiding. win* It pifiiahlr Mir 
curves i **i tin 1 rxtlriiir « «>1 « '•ipr^ie s^tu-ri andf.i li \ Ungul.ii 

section With a iatjii 10 : 1 fur tlx dillulhVai^ -1 its Hill 1 ', .uni both 
with 25 mils «.f jnailatU'ji ,,n (heir ijinkties-. .hi* yiwit in I'V. I-IH. 
Win'll* tlw t.n|id(M«»t is linn and drip. si» tint bt.ildilj: 1 \\<uid*lx^ 
lit' closely agamd its cli-r-ji side, and turlliri, w lx ; i 1 !.. ir *- only ojir 
tutn )>!*i sistiMh. ihi* i«ship will Uhl 1 n- hi lit t<> its iiijnm-d 
shape and will tlx n In* trapped round with a li dt lapped mining 
'‘t thill *m11u» t‘i[s' «!’ i■! wide - IHnN i* ihx k 1 m a taping 
mat lull.* 1 | hr full! 1 tin kllt‘"S‘- id tape <fli tin 11 npe\ llmt 1o 

tin* bt aiding. ,m>l add 25 nub to tlx diinrri-iou- 11" -anx abo 
ap|dll's t<. Luge UfK f'.tr h f .j aim h bail's .ax halt «.f a I*h-j*. ib< tnu 
halvrs |x Hi;’ sill»sr<|U<-|l|Iv UlMlrd l»V .1 suldi'h'd }"lMt HI ijpir pjiness 

of winding ih. .umai'iie. 

I he "Mitfis ol all i ■ ilidui bits of Ju t,iin'Ill u s*-, in,i* an* dlghliv 
I mIII ubd i'if in I hr uiiiliiif.li 1 ixlr. Ill til i.is'i 11 n Hisiilati i| bah «>t 
mils forming a t o|u}h>site ('VUp < <<111 |»-ll lim.’ 1 ‘ ■ a dm He dlpjH'd 
in an ui-mlaling varnish, }>♦*...;n< tlx-mud'h irnpti [.mated, 

and afterward' dtird m a \a« imin ihuinbii 1 "i -love. In l*ig. I4H 
an allowatue *4 5 mil* «>n tlx* ha** turn inadr Jot the 

varnish whn It thus s..aks into tin* braiding **i taping 

I’ndcr prolonged heal m lv « vi ii if I hr b nfj»ri ill < «!•« > n*»t nun h 

1‘Wltil lot^ l jtilpxttiill i"U*IH1|;'ij HllisLitldliil-^rfllh HliMiir^' 

of tirin' In drim x>i atr ; it tuiih blown and I*x.iihs < at]«'iii/i d. so 
that, although ih m-ailaimii nsidalin- m.i\ u l>!l iriiiam vi-iy high, 
if«s friable and iru i hanx ally weak, and 1o-m thx fa» t an imjx»rt.mt 
limit at x«n is s*t th<* ^injn r?lnyi* «!ii'!i l!ir dvnanxi dmiiM 
m ordinary workim: In' allowed to lra^b 

• | 18. The toothed drum armature. In addiimn to its t 
svstrm of drivift^ the eonduciif^s. kh d .is th»*v art* ftom the 
# greater part of I Ik* magnet i« drag (< fiapter JV, §7;, ilx ^lolled or 
t.KiOk-d drujn armalun* Jvasiho addirtona! advantage iliat it allows 
n| tln s ust; of siflrd bar>t»f nnuli gjfaler width than ati* jwinussibh 
mi the snu‘M)th-sxitfi*ee <*nr<». Smte bv f *i tin*"greater jn<>|mrlion 
of the fiux pas-^s th^nigh the trrth. the den-iTV of Ihe lines within 
the slots is hut a small ft:i< lion of tlu^aVi jagr <l<ieilv in the air-gap 

i See Turner*Anti Hobart* f he /noiAjy •« •'/ ki**t**t Maskihti, * fi-rj* XIX. 

• Ibid.. Chap XX * + # • • 
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* of ri similar armature with sm^ith Xkrfure ; the inhibit 4 range of 
density within any one slot is therefore very greatly reduced. 
Consequent ly at any moment the difference in the density of the 
thix rut by tin* two sjdus of ^ven a fairly wieftc; bar never reaches 
the magmtmle .that it would have in a bar of the same width on a 
smooth-swfa. r ai mature as it emerges from umlr-r the jMile-erfge 
wheie the ait gap flux-density < hango very rapidly I be so-called 
eddyanncjil loss iri the..to]ij>rr bars due to want of uniformity 
in (hr <m rent-distribution over thejt section i*. tlms girally reduced. 

Lastly, 1 hr sloth d armature is m«*‘U tilted with its pcojuiting iron 
teeth for Ihe rapid dr/si pat tori by ladutioii of the heal generated 
within it, and can be much better ventilated by air ranals than is 
possible m tin* sirioo(J) siirf.ue core which is entirely covered with 
a Heat-fH^irmig lavvi of insulation. Fni all liters iimnoti**, the 
toothed armature has displaced ihe smonlh'smfacv aunatme 

formrt 1v in vogue. 

The sfw|*r iif the slots in the toothed core |«imils of many 
variations, but if it is iqvu at the top the width of owning usually 
does not exceed twice 1 be lenglh of the single air-gap. 1 Other Wi**- 
the unequal distribution of the tlnx caused by lift, alternating d«ir> 
and teeth becomes extended in a marked degree 1 I >> the holed face 
of the | Mile’piece (rp. Fig. 28) ; the parage of the lines as they 
sweep over tint pole*fares will then set up eddy*< nrients in the 
solid in.iss of tlie [Mile, and the loss of eiictgy and heating 
due theirlti may he so great as to ruce^sitatc the lamination ot the 
pole-shoes. 

The l.ability to eddy h iu rents in solid |>olcs js largely minced by 
employing half-closed sluts (Figs. 149A and 150), and is entirely 
obviated by iuttn/1 armatures, in which a number of holes are 
stamped in the discs close to the periphery, and the wires an* 
threaded through these holes after they have been Itm-d^vuth lubes 
of mieanite. Moulded tubes or troughs of imeanite. or mcgnhtiiil 
can l>e procured in every variety of shape, and can lie slid into 
tunnels or half-closed slots ; their disruptive strength will re»;h 
750 maximum volts per mil of thickness of t^u wall. Such' half- 
closed slots or tunnels' are, however, attended with the disadvantage 
that the inductance of tin' active Conduc tors is much increased^ 
and the difficulty of commutation find of sparkler collection of the 
current is correspondingly greater ; hence in practice their possible 
use is largely limited. Further, the insertion of the wires or bars 
is more troublesome than with,open slots,-so that 'the form shown 
in Fig, 149a wdiich is adapted ^p receive a wihhU ii wedge or key 
is that most generally used for continuous-current dynamos and 
motors. 

The s!bt-pitdi may vary from £iu. in small nvulynes to l|-in. 

1 Sec Chap. XXI, $ 27 . 
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in large machines, with suchtproportiom of sfct *and tooth-width 
at the top as below— * • 
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fht* slo1*pitrh X *Kfi> gives therefore pr/mminarv stai img |ni<rit 
in tic sign 




(a) 


(b) 
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*1 be !<aal ili ]>t)i i.! tin- d<*t ran|^i ' hr«m f 2 to 1 Iiim***. «h»- s|.>l- 
uidth, and •average*. prihajK ‘i tunes, 1< is, however.** |om-1v 
limited bv the diametesof the .ifmatitie With s|,.t«, having p.ii til* I 
sides, the MiialliT iho arm.illire, the gfc-ater 1 h<* j»i ojuniuin.il 
reduetmn in the; width at the root of the i<«ith si t , fur a ^I«>1 of tin* 
same depth, as will U: obvious fi»m I'lg, t*W. H»*in v with a 
dentily in th^atf-gap ihe thix-driwiv at tin- i<»ois <tt»eih and 
ihr saturation thereat will be unduly gir.il imbv. lie* d'plh of tin* 
d<*i is limited to sn« li values as tie- Mli.win/fv<Y big * -, 
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S 19. lufflUtioa of immature cop and cotit. K< turning v the 
profess ort on>trurl ing an ordinal yMnim annatutw. after the twilled 
disc* have l»vn buildup info a < vhtidricah oft* tin- rn-xt will Ik* 
to smooth off all sharp edge* against which anv pal ion of ihe wind 
mg is liable to be jessed, esjxt^dly Ht the ends of the do*s when' <• 
the winding wifl jiroji^l. ^\ny j*> ugliness ah*ng tin* sides of the 
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slots will be rcmuvtd by filing, and fcJib operation must be cleanly 
and .sharply‘done *<> a* to minimize any chance of burring over the 
edges of the (Ins ; in fact, the tile must be used as sparingly as 
possible, so a'l not to hung tin- discs into contact on their surface, 
whereby On* advantage of ihd lamination would hit largely nullified, 
and imIIis J"t eddy‘('Ur rents would he formed. The m*rd fur great 
<are in this t esprit and lor good workmanship mtum 1 a low 
oiiv ]if.> has nlrcadv If on emphasized. 

At 1 tie end** "1 the <oir the (mg', forming the sealings for the end* 
rumiei tors of 4hr cmU ivill be insulated with i.iViTs of paper. press* 
spahu, <»r in high tension mi.k bine-» of mu anite, projecting well over 
anv metallic air fan* in ( lose pioximity ti» the « oils. I he insulation 
mui lu re be Mink* thicker than <»n tin* active surfaces <*f the core, 
siiVe s|*f*r r i«* nut so valuable. All joints or seams m the insulating 

Mivering .. pal tit ular attention, so that there may he no 

likrliln «id <>f I hi 1 winding making runhn t with the cure. The whole 
is thi n fmdlv varnished and dried in order i»* n<| it of .ill moisture 
pirpaiutorv to winding 

Ion a lesl |>r essine tif i.lHNl K If S volt 1 * Woiie mmtlle at ‘Jl f .. 
or ordinary atmospheric trmpnatiues, a ihukne.^ nf insulation of 
0-035' from copper to iron would gne a*fat l»jr of safety of at least 
3 with l lie usual materials employed, and for a working pre-vanr of 
500 volts this thickness would In* ample. With 25u volts working 
piessilre OI less, (ilr( li.innal Considerations demand much tile stmt 1 
tlnckin ss o^iiisuhtiun. although the malei tal may hr of less electrical 
slmiglli I he per rentage of the total dot area w hit h is taken up hv 
the lining and in-ailal mi between the two la vers of coils ill oh viously 
vary girutly with the dmienaons nf the sluts, and the difference 
or the portion of the slot area which is available for the winding 
will range from 55 pet ienr. with a slot j' \ J” to 83-5 per cent, with 
a slut >; j\ while fur veiv high voltages the percentages may 
fall much lowdi. El is not their fore advisable to'employ a great 
number of veiv small sluts, owing to the wasle of space in their 
insulation, and two or more sections of the armature winding :ye 
usually group'd in one slot. The product nf the above uv. Ala hie 
percentages will i the'p't cent age deduced from' Figs, 147 and 148 
will give the ratio which the copper area hears to the total slot area 
and evidently this may vary very .greatly, a high voltage not only 
demanding a thick wall-lining, but also being usually accompanied 
with a small sectional area of wire, especially if the output lie small 
and the speed low. , i 

With open slots either the slot* nuv In* lined for the reception of 
the conductors. or tin' conductors may themselves l>c encased with 
the wrapping which is to insuluic them from the iron core, the 
latter bring the preferable pbn. Jn either case* the wrapping or 
slot lining will be built up of practically the same materials and in 
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the same way. Two or moTt thin layers are letter than a single 
thick one, as giving greater flexibility, ami one a! feast \>{ the layers 
must possess sufficient mechanical strength ami Jiardnos to prvw-m 



l'Ui. I Si*. 11.llfi V'Sr«l s!i<t >| fi : Sim \..’l 


any iloigei «■{ its U-ing < uf when pii-v-edliilf iK |i|,u*- union the 
slot. Thus fr»r volts the insnlatii«ri • *! big. ISO may In- UM*d 

with a lialfn ]t<s 4 d shit. With an "]»eu , dof, imi.iintr a mig"huii 1 



plate is readily moulded in a strip ol the required dimensions 

being heated pn # a plate by a fps jiT, laid in a slot, and pressed 
down tightly into its tor per a w»*k! or non bar having the exact 

i *-{***) 
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internal shape ol the slot when insalated. It is, however, even 
better to insulate fh*: composite mils first and afterwards to pre» 
them into the slots,; a wrapping of oiled linen, 0-0125* thick and 
overlapping at the top, is placed next to the wires, and over this a 
nearly dose* l hut not over lapping < liannel of niH^nite 0*010* thick, 
the whole t*»ing thi n bound round with a half-lapped spiral of tape 
0 006* thick and J' wide. The tape is not reckoned to add much 
to the insulation, but i-. ■ hirfiy to retain fast the composite group 
during the processes of dipping th^m into varnish and forcing them 
into place, as*in lug. 151, which show*, the n»il> afterwards locked 
with a win)<lrn key. The thickness of a single side is thus 
0 0125* -|- 0 010* ) 0012*. «u say 0*035* and of the double insula- 
fior at the tort and bol Inin of an rinm-nt is<MKI7* d* 0*020* 4 0*024' 

Cotton articj.nfl 
/ * 016 "e*Ch t'< 3 « 


0X0^ ?<■«»» Spi^n 


f;'0t0^Pre»4 Sp*hrt 


153. - (»f tontlifd Arm.Uum f<>r 35ft vnltv 

or say 0*080*. For 250 volts the same will again hold good, save 
that for the luiranite will be substituted a channel »*f press-spahn. 
also 0*010* thick, to protect the oiled linen, or the insulation may 
be as in Fig. 152, which shows the bars coming close up to the top 
of the slot in the less usual case of their retention by bindingWire. 
In all eases the slut’insulation must project J* beyond the actual 
length of the core at either "end, and when the coils are not wrapped 
round as a whole with the main-insulation a ship of micanite or 
press-spahn will be inserted to separate the two layers of conductors 
between which the full difference of poterJial of the machine exists, 
and in sonic cases a corresponding strip a* the top of the slot. 

Thus in designing, if 30 mils are allowed for the double thickness 
of the cotton bruidihg or taping on each wire :>r bar after the whole 
coil has lx*rn varnished, and a small play of 5 mils be added to each 
bar to Allow for slight irregnlaritiis ; further, if 0*075* be allowed 
for the double thickness of thc L wnIl It.*Tig or coil wrapping, a total 
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deduction of 0-075' + (003T' x number of or* abreast) 

has to be made from the width of the slot, and th<* romaindi divide! 
by the number of conductors ahrc;ist gives the ^unirisibh- thickness 
of the bar or diameter of wire. Or. if « # • number of conductors 
abreast in one Lifer in .1 dot, and trio copp-j thickness of C ^ich is 
/ iui.be>. ■* 




u, 0 uT.V 




(81) 


If the bars an- heavy and -4ilf, sa\ Ihm IH' x 0 OH', 

an extra allowance nf H«me*5 t«fl» nut* -f tur should be made in 
the width of the sift. 1 join I lie ikpth id die dot h t th>io must W 
ikductcd 0-160' *f (OOM' x numl*r of layers), the lvim; 

timidly held down, and the ii»maind«-i divided \<\ n t . liiejimilbi-r 
of layers, will give the pimi^iHe d«pth id <* inlu.tui Vi, or with 
wood' ll wv«lge 0 2* thick 
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while as above if the tuis an- ilgejvi tJi.ijf $*, an additional allow* 
aUi c of a few mill w ill he icipiiu-d. H a >jn-< i.illv hue hi aidin'- - 


IV O Mill* mil l»\ Al.ipiSLVll, 14 •» rjn 1 MINI IIJI1 |/| 

employed, the bar allowance may In* fvdiKcd to 0*025' ;ytd 0 02t 
in the width and depth iVMvinwlw 


| 20. Dnyn armature winding. I (a) Hand-wound ootii 

Although ihe various kinds «d dmm winding pass hy natm.il 
transitions bom one into aj^thei without sharp <hstiiu*tions, liiey 
may broadly xp\ikmg 1 h- group'd into two this^s, ao-nding as 
the armature* i> (I) cod wound, i r. luiinul with i«uml wile or strip 
of comparatively smalkiV' langular set lion, in <m1> usually of two 
or more complete turns, the win- bring wound or shaped in its 
insulated slate, or (II.) bar-wound with r-.ndiiitos o rnassjvt? 
rc:tangular # *-<lion—insulated after shaping 

In group I wflfch coinci'U-s pia<tdally with mammies of small 
«r medium size and output, the «oil> may be either (<i) wound by 
futud directly on to the armature i ore, 4*1 th\ \hdfril on formers 
prior assembUgcym ihe^core, • 

In hand-wound armatures when- the loopt oveilap Crioji othci 
as they pass round 4 he shaft at either ri retire difference of potential 
at the crossing-points, since it amounts ,tr> tlie full of the 

# machine, is apt to d^troy the intervening insulation and lead to 
short circuity; further, the repair of smy one loop almost invariably 
necessitates the tomplet* unwinding^ d rewinding of the armature. 
Owing to these objections and it<^ greater expense, hand-winding 
except in very* small 2-polc machines has been mi|xtsc(]('( 1 by 


former-wound coils. , 

f 2L Dram, iputon windiic. 1 (ty Former-wound’ ooib.— 

These are shaped on " loners " prior 1 <j being assembled on the 
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armature core,; lliey are therefore perfectly symmetrical and inter¬ 
changeable, and haW the further advantages that they can be well 
insulated by wrapping* of limn, inicanitc, paper or tape, <«n be 
tested before they are placed iji jK.-uliim mi the one, anil are them¬ 
selves inexpensive to wind m the first instance. 'Jhe guiding 
piiwiples on wlmh Hu* foim.ij ioiK are .-du|*:d are as follows; 
either the toil is lo/chge-diafnd with its telllM: Wider than tin; two 
parallel ami straight inducing sides, oi tin: two halves *.f a romplele 
roll are of different width ; m eitli^j < ase mic side of a i oil living of 
snndliT wtdlhY.in he p^sed, through tin; wider *-idcs or rent res of 
other i oils. If ( he thermal number of mil*, the tu-»t ( 2 f> mils 
air plaied in siimcvumIi on thy core, one side of e.u li being in its 
find pusiliufTand the othei side- being tmipit.it ily and hne-yly 

field in pl*«e. I hr winding nmv plot rods, Irolh side*, of rai h cud 
being lixed hi then tmu! po-.itmti, until theie only leniam ( 2 />mil> 
to lx* wound. I li< luilovs side of thr-e lias to |>e |Mssed thtoiigh 
(tie sides of 11 n' litst f." 4 2p i oils, that thrw latter'am now lifted up 
a little tn allow of the iutmilm lion of tin* ivm, lining * oib, arid 
as cadi of these is placed in lotion the hist f 'U f> mils i an hr 
Mmessjvely closed down until lie* whole armature is finished. It 
may here, at the outset he mentioned that a tj.qwoi.Ul loop m 
coil, in whi< li every rnd-eouneclioii passes across tin* pit* h in one 
straight line, is seldom or never u-a*d in practice ; as, a coil on a 
foirnei-wiiimd aniulure, its side of less width could lie passed 
through the greater sides of other < oi(p. hut whetliel on a foimel- 
wound or on a bar-wound annainte, the ns* of one long and one 
short sllaight rondmtm joined hy slanting riul-mimei'tois is vetoed 
by the fact that the axial length iccpmrddor (lie wtioh; mass d 
el id connectors is nearly twice as gtrat as that reunited when the 
elid-cdruieclois, cliangi'.ig their direction of slant at the centre, 
first recede from and then di.iw inwards towards the 5 ore. It is 
l her*'fore invariably the case in all except I land-wound drums that 
the endaotmectors at tlicit centre .ire given a twist, or are s«, formed 
hy bending that they are as it were enabled to pa>.s bv one another 
in regulai succession • they then'fall either mtp two layers coaxial 
with tin* shaft (Wr<7 fcjwdm^V or into two whorls in planes at right 
angles to the shaft (bultfKtiv or involute end-connectors. which arc 
very frequently but less aivufciteby called ." evoline "). 

Thus the distinct ion between barrel-win ding and winding with . 
involute end-connectors is tlrtit in the former the erul-connectors 
lie on the circumference of a cylinder j practically id equal diameter 
with the core, white in the latter the end-connect ms are bent down 
irtto plants at right* angles to the shaft. This distinction occurs 
both with M former-wound ** armatures .and with the “ bar -wound " 
armaturf's to be described latier, atfd applies to bgth cases equally. 
In barrel -winding, either , every MternVe e|eiivent must be cranked 



’ (tlXTISrOVS-CVRRES'T .IRMA Tt’RF.S .TO 

• * 

tkj*n At cadi end so us to bring its t-nd-conne* tints into ;i J.iyei 
Mow those of the other elements, oj the dements ihih thi-iu- 
dvt'f he in two I.iyi-rs, nut Intween tlk- r Selmtflts i f .my one h«Vi’l 
there must Ik* int emits lute gap- filled with utidiuiots. The 
lailt-r condition i> .it ome given l>y the 'i..»:^l .oift.cinir, Mine m 
it one inducing >idt- of c.wh *nit f,db int’ thV npp-t lavri ami tin- 
other side into the lu^ei Liyvf, while the .Intel Veiling ill'll Icrtli 
supply the mvvsuy spues M\mn th# dcnn-nts .1 v ,idf Lmr 
fhirret winding is therefore by bn Ihe nn-i widely us«d meihod ha 
rimhtjMd.ir inai him-s with ‘dot ltd .lunai-tt'-* ; fuifh.i, although 
funnel -Mound coils may be usd uti h*i*ft >10, .,»ih .md dotted 
.umatuie", they im* >p< wily siiil< d 1" 1 1 1<- bill'r wIn n b ote] wound 

and foi loin 01 more p»)i-«. and if i* dm fly on’hi-.mt p th»f\Ju‘ 

multipolar isi.idiiue now limb favuni eVeii ha «» tnp.u.irt\dv small 
oulplll'. 

1 lie-hap i-cmploYi d f a foiniilig the t uiK wht-lhn h i knn-loi 
involute winding, ate vriy vaiioiis, ami a ♦ t-il ma\ be |.,.ii"| wound 

• * 



It., \ sa . Ii.|*lpn|lr ■•'ll, tliM r • 11- .5, . .«l»0.e1. 


.ll one rlld .ltd be of ihe i||Vo]uli' lV|»’ if’ oidrl lo ir .*|»"Uli^- s p.U < r 
At the nl hot i l il * 

U.I dilifieiij n^lfioibtd Ill. mu fail Ul. may. hou^-.ei. be clr.ulv 
distinguished * nlh»*i the wile-ale Would Hi ill*- 111 t r into 

.1 simple 1 oil uliidi is afteiwatds s] M p d by hand 01 machine into 
tlif c£»u'i form m whuli tln-v are applied to b uimuTitu , < i tin¬ 
foil Is iinmedl.ilelv \*‘U»d tile i/rpyji d -hup- III a grooved wood* II 
or east-iron immM, ihe wires bring hddjn • lips as tin 1 oil e funned 
• In the first « as< *.1 generally adopted pwHiduie for Uirrrl ninJatu 
may lx- de-o iliecfiis follows Ar^mdftig *■- ihrtr aii i" be two, thri’i* 
»ot four eoinmutatoi s'<t"is pa dol, hv«, filter, f 4 four <omhi<tois 
are wound ahre.isl in a Lfthv from asVttny drums id win arranged 
m taii'k'inpn lofl w**ndctf 1 ha nmdfrtMrutiie, sn usi*- fonn a < oinjiusifc 
loj'engo-sh.ijN'd i oil. as in fig I S 3 . •lh«- n<*s 4 ot tf*e < oil r- 11 Kir fnmd 
m a vice or in a spti,d nut June, ami the two side-, oj ih« V ;ffe 
pushed iiput from one amdher ; tli| miiii* p*ness 1- r<| ►rated at 
the second by this m<*u»s the twist given at cadi end 

of the coil whjj h cau^s t detail info tti npp-r and a lower patton, 
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<or responding*to the two layers ol (lie finished armature* After 
luring roughly sluiped hy hand the coil is then hooked over the 
shajHir of Fig. 154*'and hy turning the handle its two portions are 
inade to recede from o«r so (hat the coil Ls forcibly drawn 

out into its fmvdn d ) .>h.i[>i-. Ihe same result m.iV <d*j Ik* obtained 



hv transferring the »oil i>( log. 153 to amaihinr having two halve* 
hinged Mgelher, of radius equal in the radius of the armature, and 
r;u h luil f holding lit inly in a slot one side of tin* nit ; the two halves 
are I lien udated ijmt about the hinged joint, and the <Vil is ojX'tied 
out through an arc corresponding to the winding pitch (c|>. Jit it. 
Va\ . 7373* 1900, Lmgdou-Davies aiuf Soam< - ). (V the fount* on 



which'*he coil is wound may itself lw in halves attached to a machine, 
hy whirh the one half is pushed apart from the other (cp. also Strut 
ft«ii\*ay Journal, vol. 18, pp. 2 and 3), the necessary curvature of 
the cnc^ Ikm ng imparled afrjrwords. f 

From Fig. 155, which shoe's \ single separate section when 
formed, it will be seen that a wire wltfth f* at the top of the upper 
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layer and forms the beginning of a section leads on u a wire which 
is at the bottom of the lower layer, so that finally thr free ends »f a 
section come out respectively at tlie tops of the upper and lower 
layers. If the required number of sections |wrr slot is such that 4 
normal width of slot leads to an ineffi' it Jit section «*f conductor, tiro 


» • 



Fio. i .W.-^iimpciite coil, three fccctvmi devp. 


section* must be wound on the ^op of one .mother, ;in in Fig. 15b 
which shows a compositr toil of three stations wound on the trip 
of one another, the width of the coil being only ohlvco mn- 
durtws ; but this met hod is only possible wilh hip-wnund vntwlines, 
If the armatiitr Map-wound. the fire ends of thes^-fion arebiouphl 



• FiC. 157.—Finished '■oil, three *ecti<wu Abreast, fiw fap-wniitid armature 

♦ 

along Ihegnds hi the coil to the amt re (Fig, 157 rorrrvjionding 1 o 
Fig, 153 and Fig. 158 to Fig. 156^, ready to bc # after wards united 
at the commutator togs in their proper sequence after they hdVc 
been placed on the armature. % 

If the armadufe is wave-wouifd, the ends ot the sections are led 
away in opposite dxrcftiodi, syicc*thcy :ue 1 o be soldered to 
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commutator sectors which arc at somedistance apprt torn enrii a\ her. 
(Cp, l : ig*. *1 and 177, the latter illustrating the connections for 
a single wave-wound section. consisting of two turns or loojs). 
It is evident from this latter figure Jluf the layers of commutator 
connections proceed in the opposite du eel ion ip the end of the Cotl 
from whit It they spimg. and that rfhcrwforc‘those tree ends which 
would naturally fall at the top of the boUoiu layer must at some 
part of their cruise Ik* bent down so as tfl clear the lH>UoUi"hulf of 
the coil and come out al the r\»jvine bottom below any other pait 
of the coil, 1 Jie passage oft he five etul^lfoni the top of the lower 
layer to the bottom may In* effected at the commutator end tlo^- 
to tfit* armature cou- Mwo-n the •lot* ; but il the width of the 
teeth at their loot ilot-s not give sufficient room between the *Ms 
it U*t«»mes preferable to wind the coil lh.it the passage is made 
at tfu* farther etld Ini wren llu- hoses of the i oils. Mow the w Hiding 
must he arranged in older to effect this is ni-ii from the two views 
of a WaVe-wolmd lomp^lte coil in Fig. 159, where ihe havei layer 
ul the Up|M i half is caused to pass to the*low i t layer of the Ihwef 
half at the end farther from iluvCoriiinulator. 

After forming flu- cnib, j;»p- nr wave-wound as the uy may luv 
then slanting end* ate taped, and the si might olive ate 

wrapp'd found with tin* insulation as dostjibed m § 19 , The ■ mu- 
posit e coil K then varnished or impregnated alter diving to expel 
all moisture under a vacuum ut a small chamber ioripnumc.itmg 
with a bath of Ihe ii*aihting medium employed. It is next iiu.illv 
dried in a stove or diying chamber, and ihcu forms a i ompacl and 
easily handled element, the sides of which exactly fit within (lie shits. 
Or the coil may be soaked in varnish and pu-ssed into an urate 
sha|Ht in a steam-heated mould. Prior In assemblage, each toil 
can be 1 tested for short circuits between its several turns by a small 
transform**, owe; On* central core of ulm h the < oil is slipjied as 
to act as a Hcomlary, an alternating on rent living passed 1hrough 
the primary*; when a short-circuit exists, the ammeter shows a 
gitotjy increase 1 1 secondary current , 1 and the * oil beet fines healed, 

The winding of a«:oi1 immediately* to the required >h.i|V‘ is hacdly 
feasible with rectangular wire of conshhiable depth, hut isionunon 
Vith round wire. The shaper is then in two halves fastened to¬ 
gether by a central bolt, and is 4o formed as to leave a deep groove 
* between its two halves ; it is mounted either vertically in a lathe 
or horizontally, and is tifmeri round in quarter steps when released 
by a foot-lever, so as td allow the Vinder time to arrange the wire 
in its place between each quarter “revolution. # fig. 16U shows one 
such cod for a bartel-wound armature, and a number may ue 

1 See Turorr^l Hobart, The It&ulatian of Jilrrirtc Marhines, i. 255 ff., 
tor mch testing tramforraert frp. ato Miles Wuiker. Ike Htagnoitng uf 
InwbU* i* HJectriial Madinei, w 3*-33, * 



m 


CHAPTER XI It 

arranged sidc^jy side and Uni nil together to form a composite coil. 
In order to bring the free ends into the top and bottom layers 
rmperlively in the rw? of wave*wound armatures, the coil rftay be 



Imislud \y winding tin* srennd )i.<|f in fhr upjKisiir ritr*** ti«>n. l)r 


<• ■ •„ ft 



- -— -v—*■ '“ 11 —f " ‘ -—- 

Fig. l$l ,—Winding ol barrel armature, • 
• * * 


two separate halves yiay be wound, and afterwards united by a thin 
sleeve of copper soldered to a pair of free ends on the side farther 
from tluj commutator. / 4 

The assembling of the couyosrte coils on the* barrel-wound 
armature is shown in Fig. 191* .Onesiikl of each coil is pressed 
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down into i\$ place at the bettom ol a slot ; fhe umvr side of the 
first Cj2p coils are at first only loosely arranged* hut after these are 



Fig ]R3. --Connecting «P to (omrrvjUlnr. 


assembled both sides of cadi < oil arc pressed down, the one into Ihc 
bottom layfr and the ollici into me top layer. As the winding 
approaches completion tl>e upper sides of the first foils arc liflc' 
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up, to allow of the insertion ol the lastW'Y2/> coils, as seen m Fig. 162, 
when: a roil i*> show'll in the process of being threaded under the first 
C,2f> coils. 'Hie commutator is next plated on the shaft, and each 
of the free ends of the i oils is inserted into it>, appropriate com¬ 
mutator lug, tly: lower layer btmg Ircated first, ahd afterwards the 
up|X*r layer (Fig. IHftj. Altri^soblfring the pair of connections 
forming flu: Loginning arid end <>f two neighbouring coils into each 
Jug, thy armature wimling is fimdied (lip. IlM;. # 



.« I lii hi I. O'lUpli-tnl l,ip w. 11111,1 iMffr I .IMlIlhlfJ 


| 22. Axial projection of end-connections in barreUwound 

armature. -The total a?y.d length / t hv \\hi« h tin- coiU of a barrel 
armature project from I lie cure at either end is c.ilrulated a*- follow v 
The angle n, wtlich the sloping portion of the cniT^ifli* nukes \s i 11 ■ 
the edge of the ainutme core (Fig. 165), ilejx-nds essentially upon 
the ratio which t lie \vi<tth of a rompo-ate coil bears to 1 fie pap between 
itself ami its next neighbour whe^ tiny are sh .light ; the fofroer 
width may be identified with tlfo width rtf a «-iof u 4 . and the latter 
with the width of the to<>tlf a*',, I,el J --the clearance between* 
neighbouring comj>o>ite coils, njjht angles to tl**ir direction of 
slant ; for purposes of vcnllluiion this will usualIv be made on the 
under-an face id»out to The liyp4'’nuse AC of the right* 

angled triangle ABC on the dovejopment of fig. 165j since it corre¬ 
spond* to one compete coil-side and its c learance, imM evidently 
■bc^'tpial to the slot -pit ch » rr # | u’ it measure J at the rc»ot of the 
tooth where the coils lie nearest to one another and are most 

crowded, while PC ™- u\ \ </. Thus sin a a tul since 
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Let a 0 “ thf length o i the straight projection from the slot before 
the slant commence*, say, | # ; thence an easy bend is given at a 
radius of J w t on tip* inside, and similarly at the outer or far end. 
Tlie axial length of tlw bend or of the soldered joint by which the 
lower layer [*•*<*■* round int^ the upper layer‘is approximately 
equal to half the to fill 4|>|li h §t (A the slot. Thus by Fig. 165 tlie 
total axial hsjgth at either end is 

f a* \ 1 *25 w t + HJ2 * 

yj (ip. f- ?<».*) (ip. d) * 

“ „ J { ' ; ■/ t ' -1 l-25.r, + A 1 /2 . (83) 

-VK I Vg ,) 1 r (»> \ d) z 

T|u* length of the fnpjHt ]>a^h along the entire end-Conner tor is 
rtqtyredinordri to rah ul.it v the electrical resistance of the armature 
wihflingf Ji r«, be the distance of the half-pitch measured on the 

m<an cin iiudeu-nco at the centre of the slot, —- ?*■ («* i {• tr f ) to here 


0 0 r.i 



i-'iti. i<y». 


it’ t is the mean width of tooth, the curved length of the >lt’ping 
jsutii»n of a half |m>p v ill be the hypotenuse of the right-angled 
triangle having for its two sides the iin uinfetvtttial djstanre m t 
and the axial length /. <>r V'w 1 J b f 3 . The total length from slot 
to slot. neglecting the slightly shorter pitch at the rnmnmtatnt 
end. is therefore 4 ' 

r 2 1 v'V f /= M > \ 1.25 ir f f kjs\ . (84) 

If the ends of t he coils pas4 from slot to slot across a chord instead 
of lying on the cimunfereneg, winding at the ends of the 
armature tajieis inwards towards the shaft, and a form is obtained 
intermediate between the barrel and involute 1y|K» (Fi£. 166). 

f 03. Former- wound ooili with inictate eoo-cornectioQAl^tsjn* tn coil* 
with involute end-connectors, tlicre arc again the two methods According to 
p.which the coil is either £mt wound add then shaped. or is wound directly to 
th^eequirrd shape. For the first method the coil nulv be tint wound round 
jwgs on A flat base (Fig 167, i). thnpcgs Nunf gradually shifted os the toms 
lire woundau succession, or it is wtuttd c^n a stepped shaper : the cod U next 
forcibly opened out appmxnnairly into a rcctAngle of whitJi \he sides ajrr of 
different width, and the ends Are fipiMiy benrby press in two halves to the 
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required curvature. so Hut the rod* fit into ont ouflthcr. TIk* da per* tor 
winding »uch coili immediately to the required shape fuvc n wW out 
in detail by Eickemeyer. 1 and adapted to x variety of cun; with i nutnlvi 
of wire* per coil-ode. these may be arranged one nbuve the other along the 
straight inducing side* of the coil, and side by vide M the ends *u at to obtain 
enough room towards tin- fJialf. or any, n arrangement i*1 the component 
wire# may tv uvil giving a crux;. M-iinm the ends ditle-rnt ftom tivat >»n 
the surface of tlu: core. 'Hie nature of the in volute winding is *eeil in fig. IKS, 
wliich shows a -4-pole armature with xoVtal *f«1* in jdace, amj with a number 
having their wider sides ’ifted up to allow ol the mli^lmtion Ivnextlt amt 
through them o' the narrower sides of the U>t*toils as indicated Ivau single 
cod at the tup uf the diagram 



I ti;. I(i7. -l : <iuiirr*wni'lniL* lot ..iK 

•\\*ru finished the involute end-courier U#rs lie il-l again si the i»:.uUleU 
ends of the tore withal gap o^troin f iu | # 1» twi i n the adjacent hub• » of the 
two whorls at cac„li end. Tin* axial projection from the core is now a mihwiiifn. 
and is equal At each end to twice the witth uf the connector plus the gap 
between the whorls and the thickness of the end-plate with its insulating 
check. The problem «*f the shortest path *rf»*vi the pitch for the two whorl* 
whose plane* are at tight angles to the shaft is, mu/aits mtitandu, very similar 
to the same question in the barrel -wound armature. If the angle of the 
butterfly hr* chosen t-^i Aite. the length of the copper is unnetawarily 
increased, and the depth ipay approach l her ihaft bio closely to allow of room 
lor the central portions; if chosen too obtuse. the ( connector* ran not lie 
forced into the toom assigned for them. In order that they may 1«- evenly^ 
upon one another, and also take the shortest path, their curves Tnusj^Us 

^ y 

portions of aa involute of a tffJc, whu^ radius /?, is - —j*'"’ wbrt * >■ 
_..... 4 .* 

» Blit latent IS*&, 2249. ' 
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the tottf number of'iltfU, uul w u Uie ioigUtol tluckneu of one composite 
cnd conikcidr c*rrc»jp aiding to a slot inc^urcd normally to »tt length. 
The dimension w may often Ik- i«lrntt(iril with the width of a slot, but is not 
nete**arily mi, if tike cri*# -*•< turn of the rutl i* altered wlini it emerge* from 
1 /wj slot, ;m<t m uny iW a small margin mutt Ip? allowed on the insulated 
iogijjrr for clearance when the illicit »oiJi .ire nr.i r4nly^ < »in»|tfriiiWe, The 



Plti (<>H. l'‘imr j»oU' armature with former duiied toils, and involute mul-wimlji 


1 «*sr rmte Fit (I'ijs lt>W), i-- th.it i in V wlnwi i iivmufemn»■ i> e<at.ily tilled 
by the end i oiiiiei toi'i (.imt I In ir * h-aram r») as they Hpiing norm,illy outwards 
from itw ivnphery. Liking anv point .1 mi Ihr outer mile, ,114 I drawing a 

l.iligrlit fl'om it to the Ki-*e < inlr, ,li tit. the u>ni|<lr|p' m\>.|ntc is that will, h 
uollld Ik- Ir.uy d ll we tlhaKUle .1 string of I’-uglh \H .mil Iim« 1 at it to U' 







<r. 


’U 



l’“n; I lit) Involute mid winding. 

* • t , 

gradually wrapped round Ihr' Uw* ri|ih* wlul? *'«mtimioudv stretched taut, 
nml uf this curve h» murli is liv'd \s su l tires in sp&u half the winding pitch. 
f g. the length .f(, out Vi the total .ft*M, the length used diminishing as the 
‘miVtalxT of pule* is increas’d and the angular wind mg pilch is red mol. The 
double cml-courier tor may therefore U< *et out as follows (Ktg. 170). Upon 
a cirvle A FO of nwlms les* tluvn th^ radius to'the slots by a distance of sav 
11" {in on£r to allow the umnecton ti/ uinu upwards yul» over into the 
slots), mark oil a number of points A d>rrcsp*nding tu \be centre lines of the 



doKnsrovs ruRRFXT a hma tvkhs 

i 

; from wh punt draw the (An^ntU I, 2, 3, . . tin- luw carle, md 
upon these tangent* which tut all the connectors normal v lAirk of! a 
of widths each npiAl to tr, Ix-gumtiig from the miter vircu in tervncr as at .f, 
Thc came pr<*<-is is on I Mil sule* of the Iwt-^ iinlr, until hy jouunjc 

a siit‘u"ftlwii «f jaunts -f, M, .V, rti . in the two ilmiU ( >liscurvature. the two 
involute curves pan as at C |o this depth must then U* added an amount 
</■' espial to 1 licr width irf the o'liilx tor jMtaJIcl to the shat { * which will 

mi many ;Jmi l* 1 cijiul to A ( J 2j in «nl« i to allow for tl»c <nur,d jvortioii • »l thr 
rod counts, tur iitrving round fr«u> ou^ plain' vl w boils to \he other. The 
radius to this miM-r edge J- must evidently still fall outside .>( oil the ui- 
luiuft'ii-rnr of t^c l«a« unit-; nthnwixe itiii*sl»h of tin- given ♦hukness 
and spanning the mpnn-d winding piuh >,iim«<t f.ill mt" tin av aiUldc fimui 
u point whu li must lx* r-w .fully verified.1 Jhr nr. t >v.rv udi^l «{• pth muv al*> 

• * 



1 ><t. I/O. ^Setting out <d mv.ilul*- rud winding. 


tie lAkukilf-d rn.il h<inatu.d!y .c* follow*. Tf a r the .itnih* Mild ended by an 
involute cnrve .K / J . ami U • the .ingle '■iiblunlnl bv the at*. lilt uliti li >. 
the rvolut-'i.l fh^ myolnle il r ‘lg llftf). Imtll (■•IMg f Vjuesvil i^ i iff nl.tl llir.i iiite, 
.1 It whuh is e»‘iial*lo the an. f*/> r> v.pi.d (*■ (l, mid 

to it (0 u) ^ - ft, wit. nt i n If l u 1 U, 

anti hy giving varwus v.ilp j s t» ^1, .i * nfve ointm l.uif >i ami 0 • an 
hr plotted applicant to all <;v«es lurlher, If..in tin- fight angled 

jrungle Aif/l, .ill \ AO r ~ Off* \u* iff l< h H, so that 

hiltvervdiv 0 •*' ^ Iht ouh r radius H lo llu; < ncle AI*’J id 

If t, 

* Yig 170, and also the radius H h firing known, flj id the complete involute 

..., . “f?* 4 , tod tlir r.iirri-'-ji..riding g valne of o, follows from thr relation 

ff i 

given atmvr. Tile angle t i ones ponding to half the w Aiding jutch luring aj«> 
known, a new value <i. o, e v* Jonml f*»rns|^«-lmg to tli« pf»rtu >n (i/f* 
ol the involute wlmh i* not used, and theme (i t Irom thi* gem r*d curve fun* 

* V / H * ,T ~ff i 

nectmg a and H- The value /?, i% thru Obtained fr«fin 0 , ■ ■' t 

• * Wj 

and the radial depth of the portion .fo is th^ difference H { H, To thif 
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mmt be Added the tduUnt l| * rcckon/d from the bottom of tbe ikrti 
pLttt tbe central 'portion /, 

Th* length of the involute ACD u | . 0*; lurace the length ol tbe 

copper peth in the curwl portion of the »u<J-connector between if. And 

*, - | {0,« • QS) - * "nml taking into account the v&rioui 

& n 

bemlj m the cOmxiitnr r.lj*jw.i Us pJnnc, if a' «■ the length of projection 
outwardi from the ilot be .'ore it kjcmU downwards into the inner whorl nearest 
to the core, the total length ol path m the end connector from aM to do t it 


<—s'W*--*« 


* f. • + 




I 24. II. Bw-wotmd drum Armature*.—From the former-wound 
barrel armature it is c;-*y *o pass to the bar wound barrel armature, 
the transitional stage being a single complete loop consisting of 
two active conductors and a pair ol end* 
connectors, the whole made of copjxr strip 
of rectangular section. The required length 
of, copper is cut off and bent round at its 
mitre, so that it falls into two levels with a 
F |fl * <71. l ; tt!c space between them (Fig. 171) ; the 

bending tool is shown in Fig. 172, with a 
cupper stiip in process of being bent found in itself. Or, it 
the eopjH'r strip is thin and deep, it may be folded over on 
ilsolf so us 1<> foim the junction of the up|H*i and lower layers 
(Fig, 171). Kach en<t U llvn bent through the lottert pilch. 





and by means of. a shaper is given the proper curvature so 
* tl\t it may He on a cylindrical surface in two levels. Fig. 173 
illustrates a lap-wound loop^und Fig, 174 the shaper on which 
it is formed. The loops after bein^taped are placed, in succession 
on the armature, the lower half bting passed down into the bottom 
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of the slot aod insulation being inserted dong lhe ^ot between the 
two layers where they are in dose contiguity. The sloping gap 
bet wen the two layers beyond the core is advantageous as assisting 



the ventilati*Finally, the up|vr halve* of the fust-wound 
1««ops ate lifted up to allow of the lower sules of the hist loops bring 
introduced beneath them. big. 175 hows lap-wound armature 
with mils thus rnad«\ The connections between iln* t loops are 



1 10 1Shaper f*»r liif-wofcul loop of iopj**r strip. 


4 • 

made at thru function* in the foih>of the 1 ommut.itoj < on rust 01 s. 
Fig. 176 gives the shaper required for a w,«v. Amund armature 
whuh there are lujo Vwjp> per section divided lx‘1 wn-n different 
slots, the method of cotiOKiion ^itli every other loop reversed 
being indicate! in Fig. 177. • 

The last form of the V-irfM atrAapnc js at once the simplest and 
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commonest {<$ alt machines having conductors of large ctom* 
Motion ; liy if cadi loop is couq>oseil of two separate bars which are 
first placed iri jiosiWm a ml mi fluently soldered together nr their 



Ftri, I7S.< Kvtn l winding of Armature vitth formed o'll'i uf uijm 
strip. 



Fit;. I7t*.--'Sha|vf f-*r wav*' 'm*uh«I ho. J77 ('mtucctio.i of U4v«> 
Kh<p with two U*»jis jN’f MH’tioii, wniiml limps, two jwr section. 


+* . 
i 

due sequence when both layoff have been arranged in the slots, 
Each eruf of the bur is bent through half the pitch; and is then 
curved to suit the an nature circumference • Fig. 178 shows the 





CbSTIS VOUS-CURREST A KM, i 7 ! 7?f .S 


M9 

shaper iw*d for this second ^juiJ tiou, logt(hr) witji two |»,ns in 
place for shaping. A group of two, three, ur four'lMis eoi lo^mtuling 
to on* slot and taj>cd together die usually Itetjl as a wholv, The 



shaped hats i*f the louri layn .h•- Then laid iti mu m m<.|r 

at the <d i\h h slot, vuilijieii iu-K pvnji-itmg .is i«»ji-nii 

a mmplele «yhndet. l ; ig. t7t) '•hows tin omniar-<-na nt of tin* 



Fio. J7t*.—J^np'winding o*f ‘>ar armalurt wjtli half lo"]* ; lnw r tn>r». 

* . • 

winding of the at malm e'd Fig. 121. Aftei ibe in* Mi'*n of insuhi' • 
lion a1»>vc the lowei fciyei the remaining hars :«re plm-d at the 1<ifi\ 
of the slots, their ends having previously In.tti 'initially l>ent so as 
lo pass through A lie rciipimng *h<^tf of tin pitch, ami lot tiling a 
complete cylindrical envelojVr on the outsid** of the armature 






350 


CHAPTER XIII 


■ 

(Fig. 180). the ends the two layers are soldered together, 
small copper clips being passed over the bare ends ol a pair of bars, 



l'l<* IHi>^ of tint ,irm.i 1 urr vfith li.iff : 'jj t- t Uyvr 


■me ill I ho h|>(m't layer and ihe other in the bottom l.^yrr. Oi at 
Iho eoummtaha end the two livers <»f bars mav bo united bv 



FlO. TS|.- (,'ompli'trd tup - wound lur armature. 


K * 

soldering within the log which lead- to*he commutator sector. Fig 
181 slides the finished armature Figs. 179 and 180 for an 8 -pol« 
375-kitowatt machine ; 4 s tlig Aope rtf the end-connections at eilhe 
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cad b in opposite directions relatively to the urmatuic core, it u 
lap-wound. The lower layer of end-connettors* Is frequently 
cranked down so a* to allow id free viit ulatiup of air between the 
two layers, as shown in Fig, With stout kirs there is at the 
commutator cinllui neiosity it* su^Mt them oil a special ring, the 
numerous commutator lugs helping to, u-t.nn them in cylindrical 
shape unless the speed b very high. 

Ihe simple, burs above doci ibvd involve a greater number of 
soldered joints than the meihocj of completely formed loops, but in 
cither system the difference of piiiei14i.il between .11 ft* two adjacent 
connectors in the same layer is novel nlbtethan the E.M.F. due to 
two active conductors, so that thiTf is little likelihood uf tin- insula¬ 
tion breaking down. They arc lull hot easily H'jnl.ed, espctiajjy 


* 



| |S'.! sli.ijMT 1* ■ 1 at w»th mvnlul<‘ r d.I 1 i «»t .il .*»*• <ml # 

• 

the MlUply bar-wound ham ; d a hai «.j lhi lourt lav 1 l•*- damaged 
it i> ollK iii^i> f aiy t*' uiV'»!d'.:r .ind 1 .«k«* ^>li a uanpaiatively small 
nuniher »d bar-* m urdei to withdraw u. ( Ik- sole disadvantage of 
the ban cl-w ound armature b, in f*ui, (he :sv• d length taken up 
by llie end-ionn.-t^ioji', m«»n.r e^n-cially when the muubt >.| jkiU-h 
is few. This axial length i> ha b.n-< .1^ ulited on flu* same prim iph s 
•as in $ 22 for Cuil>. 

In order to economize room j)i il«- axial l< ngth the involute lyjw 
t of end-conn color is occasionally employed with hat armatures at 
the end farther from the commute lor. The bare rapper strip is 
first lrent completely iqimd on itsdf, leaving only a gap correspond¬ 
ing to tfic width between the tyo whoil* of the end-< onina tors , 
if of massive section, this operation 11111st he done when it is|iea}* f d. 
It is then forced apart and hammier! on a <ast-jjoii shaper (Fig, 
182 ) into a butterfly shape. Each Jnd is 1 hen bent louwi tlirough 
a right angle to form the ><fr»iglif ipdinjny •'ides and ihe whole la 
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tapped over with insulating 
armatures is lfiat in which lint 



I 

« 

held thoroughly tig Jit side ways, 
under the sloping faces at either 


it (FigkZUI). A final class of drum 
axial length is a minimum owing 
to the employment of separate 
involute end-connectors at Iwrth 
ends of the armature, but this 
method of construction being 
practically confined to smooth- 
surface armatures ^s now seldom 
u.sed. 

, I 2i. Commutators. In the 

i on>|ruction of (hi iommutator 
various modifications are possible, 
but, bioailly speaking, two tyjn*s 
may be distinguished. In the first 
(big. 183), which is only suitable 
for small machines, the wedge- 
shajied stiips of cop ]ht and the 
intervening plates of mica arc 
huhl III place by a sleeve or bush 
with a coiled finish room-shaped 
he.uL ami 4 coned ling divided 
into four or nunc segments and 
M lewed ilow U to the sk'eve The 
lattei may In* of gun metal or cast 
iron, jin; ting being of wrought 
imti or gun-metal. The angle 
at which the coned'surfaces are 
inclined t«* the horizontal axis 
should i»ot exceed 5t>°. Complete 
insulation of the sectors from 
the supanting ^tri|itur,“ l>et\vi*eil 
which may exist*!In* full stress of 
the voltage of the machine is 
obtained by conical rings op the 
^luping^ sides ^ these are of mica 
or micanitc moulded exactly to 
the required taper. For 10t) volt# 
a fid upwards it Ik tomes necessary 
to cover the entire sleeve with a 
moulding of micanitc,or paper to 
► prevent sparking from copper to 
, if on. Care must be exercised that 
the sectors d) not bed down on 
to tho sleeve Ixdore they are 
Thfe sectors are forced inwards 
£nd, aftd rtms bind on one another 
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like the stones of an arch, bit it is still jx^vifih-' if their taper In? 
blit slight, that they may U* driven inwards and ptit out of truth 
by an accidental blow. 

In the second type (Fig. 1H4), which is molt* usual m huger 



machines, especially with carbon brushes, ttfc fonerl ends of bofli 
sleeve and loose ring arc Jot into accesses in the* setters, and for 
greater rigidity* the sleeve is initially* >f cast iron with collar of cast 
trop or cast steel The sectors in*! insulating stri[rs of mica arc 
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built up into a circle and tightly held together hy a circular chuclt 
or clamp laving numerous radial screws compressing internal 
segmental pieces against the copper. At each end of the commutator 



i 


a V-shaped groove is tinned, into which a taper ring oi built-up 
* mit^a or miranite is fitted, The whole is pasted over the sleeve 
until it engages with the coned fixed ring, the loose coned ring is 
put in place, and by hydraulic firessiae the two rings ;ir* driven home 
and fixed by the screws afte* Much* the externa] chuck can be 





IV. IH4> • •>i n-mmulAfor. 


When I lie dynamo in at work tin- Uin]n i.itim- ol the < uinmutalui 
is raised by die passage uf tin < mum ow-i tin- i ontact-icsistamr 
of the bryshej (csi** iallv if of i.ubonj and by their fic tion with 
its surface; *1 he differ* m e in ihe expansion of the ropjier and the 
cast-iron shell or shew thin sets up veiy i onsiderahle stresses in 
the structure. It is consequently diiJii nil to devise any m<-c hamtat 
construction that^hall qc-veJ tai^ to kieji the sutfair perfectly 
cylindrical after icpcated heating aiu^ioohng, since bHwi-en metal 
•and metal must intervene the layer of insulation, and uj*»n this 
comparatively * compressible rtediam falls ail the sties*. Any 
• relative movement of neighbouring sectors by which one is raised 
above or lowered below 1 the other tfven to a minute degree suffices 
with carjion blushes t-u cause them to jump as they pass over the 
displaced sector owing to the lajlxai having no elasticity such as 
is given by copper gauze brushes. Sparkmg*is thereby set up^iifhf 
the surface of the sector-which is*at fault is rapidly eaten away 
until finally <hg commutator ii renAied unworkable. Smoothness 
of surface is in fact more Ascnl&l .than perfect concentricity with 

9 
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the :iof the shaft ' the brushes liavt: time to follow any eccen¬ 
tricity of the 'on mm tat or :ls * l whole, but uwinx to (ho inertia of 
flu: bnidus amt hrush-box«'s their tendon spring'. cannot take 
into aoMijnl wilh Miffnojii rapidity any unevenness in adjacent 
srcto(> ; tin- leu-di-hns (if I mbit i* idleiiutilv jelked«»>£ ami drawn 
on to I hr siufarr aji o|*‘Mtioti accompanied hy a chattering 

noise .1 j irl i'\f 4<siivr >pai king. In oiilri In prevent any dulling of the 
M‘i tor-* relatively to <>n«* . uothei, variou% const met iyi is ;uul various 
angles nf taper have been tried, and cxiN-rirnir ^tiii> to sliow 
that a double laprt >ie< h a-> ri dumii in Figs. 18-1 and 185 is better 
than a single tnj*-i and a Mat hand. ! In: two angles arc, however, 
usually uneipi.d, a nn,d pry]»oirion l>eing a total angle of ‘,iS' 
v 
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divided i»1*> 8u d Mow the hoti/oidal and 8’ above % Uy means id 
the double tajK-r the sectors aie held endways ami centred round a 
circle corresponding » the diameter of liar apex of rhu n»nr, and 
as I hr retaining tings expand and louhact during heating avid 
cooling all the sect ms are maintained concentrically on this circle. 
Owing, however, to the greater angle Mow the horizontal, more 
force is exerted in wan Is than nut wards as the metal runes are drive A 
home in the initial process of von&nii tion. so that 1 the sectors are 
at that time not only pinched together axially but jammed light 
against each other sideways. The apex of the cones is,rounded off 
so as not to press nit the i uteri, a l angle oi the inflation. If the 
sectors are snpjvorted entirely .hy the V-rings with an internal 
tdr;s|xice, fhe eommhtator is “ arch-hound/ 1 awhile if the sectors 
«re also com press'd on to arv insulated cylindrical seating, they 
may lx* styled " bed-bound/ Asfto the relative advantages of 
the two methods of construction, it Ys not easy to decide. The 
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longer seating oil the sleeve *ylu*n I ho sectors ah k tieddcd I heroin as 
compared with that on the upper culie jH.'ihi.ps Affords greater 
security in the case of sectors luving a viiv small lajier ; on the 
other hand, there is greater 111a induct tiling diAituliy in ensuring 
that the sretnind* not h»<e *>jn<* <4 tai-ii picture *ii|eways in virtue 
ol their bedding on the sleeve Indore the aich i«. lightly closed, 
although with raie thi* objection may to some extent be removed 
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l»y inclining the sector* very slightly to a radial line by some angle 
aot exceeding S', so that w)u*n further comprcs^-d inwards they 
tend to become* more truly radihl 1 • 

It will be seen that for a given length of biu*li wot king surface 
commutators of the hist .type are slightly longer Ilian those of the 
second type : an the ojher hand, the ialhr cannot he worn down 
below the level of the end rings, a/id therefore for a given diameter 
thoir radial depth yf wear is less than in fhe fusi tyjN*. Hu??* 
Resent, however, a greater cooling^ surface, and if of considerable 

1 See Miles Walker, f Diatnownt uf Troubled iw I.hctrimi Mat hint*. 

pp. 29*-*>2. 1 1 , 
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diameter air ways d an I* arranged %> as to allow air to circulate 
through the i Aside «nf the central hub. The usual radial depth (or 
turning down rise-* horn in small to I* or 1in large machines. 

No openings to the inner surface of the copper are permissible, 
lor fear of dust,or moisture finiaug an entrant c and causing a break* 
down of the iusi il.it mb. In both types of « umumtatoi, in order to 
prevent the sleeve twisting round out of its ]>!<s|>.r position, it is 
secure*) eilhci by a snu!) sunk key under its head, u-» in Fig. 184, 
or by the fastening studs of Fig. 185. The small screw in Fig. 185 
serves as a icgislcr wliep the r romiyutator is being fitted in place. 

Tile connections Jrmu the individual sector^ to the actions of 
iho annalme winding arc most commonly made by thin strips of 
igjppet. As*wv*cnl is marie in caih sei toi, as diimii at m (Fig. 184), 
and intA tjps one end of the strip (from J # to 1J' wide a< cording to 
the mi rent) is soldered ; the other end is cairied up to the level of 
the ends of the sections and there embraces and is snldtied to llii: 
armature wire. The ships must be bent over the tops of the arma¬ 
ture* bars, and may cacji be composed of a pair of thinner strips in 
parallel, as in lug. 185. * Since the rut rent only flows though the 
commutator lugs for vciy short intervals of time, the tun mi- 
density within them may be high, buf should not exceed 5.0(H) 
amperes per square inch ot section. When in small machine'* cast 
sectors of phosphor bronxe alloyed with copper or giqpmWal air 
used, a projecting lug is diiectly cast on each sc< lor, as in Fig. 181; 
the wires ate then soldered inir> a gj^ove at the top ot each lug. 
The same construction may be employed witli haid-drawn copper 
sectors in small machines and in othet cases where i^is advisable, 
the wires being led down to ujMlaftding lugs4uined out of the solid 
copper. In such cases the mica is extended up to the full height 
of the lug, and an additional advantage claimed fur the construction 
is that copper dust worn off the commutator by the brushes cannot 
l« blown through the solid wall formed by the fclor^:-fitting lugs. 
On the other hand, a considerable amount of ventilating effect is lost, 
which on the first method is secured by the moving blades of copper. 
Drop-forged sectors have also been employed, j>nd in these the lug 
can be forged in the mould in one piece with the sector. Nothing, 
however, is so suitable for commutators as bars of hard-draw? 
copper sawn up to tike required lengths ; homogeneity and perfect 
uniformity of the sectors in hardness is essential to good working, e 
and in these qualities hard-drawn copper* not ably surpasses either 
drop-forgings or castings. , , * 

When mounted •immediately upon the shaft, if there be any 
"flexure of the shaft bWwmi the armature hub ^ind the commutator 
sleeve, the connecting lugs arc alternately extended and compressed 
every revolution. This stresk in •time hardens th^ copper, and 
causes it to break either qt tly: Junction with the armature bar or 
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at the root where it enters ‘he commutator. This evil may be 
avoided by the employment of flexible stranded ribbon or cable for 
the connections. It is, however, in every way better in large 
machines subjected to heavy strains to fasten the commutator 
directly to the ;ir mature cast-iron hm> either cut a projecting sleeve 
{Figs. 185 and 199) n r bv tilting it up to Us end, so that it is entirely 
free from the shaft. With tliis construction even though the shaft 
may bend m a minute degree, no lelative displacement of the 
armatme and commutator tari take place. 

| 26. Mechanical design of y-tjpf commutators; Witli laige 
enimmilator^ running at high ]vnplieiin s|*t'ds. great care must 
1 m.- exen i^'d m the design to etisme amply Miftn ient mechanical 
strength in the rings, lmlts or sch-un, and in the inpjMt actors, t > 
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that there may be no fear of the «.onimul.itor bursting under the. 
stn^ss of centrifugal hirer. If /, and t % * the thickness of a copper 
sector at the top and’hottom resjx.tlively, and A its depth, ils 
mass-centre f.db on the line bisecting its thickness at a distance 


- '■/, , 1 -ft 

from the bottom. I he radius to its rent re 'if gravity is therefore 


r _ T * ' v r : , *' ■> 

• ~ 2 1 f5 /, |- /, 

and from the dimensions which the eup|>cr bars assume in practice 
• his may in all except veiy small commutators \n- simply identified 


with the mean radius 


If f= the mean Ihitkn.ss, and h he identified with r c -r it as has 
been assumed above, the weigh* for a length of / inches is 
U 322 f(r # - r,)f lb. The centrifugal force per sector of the given 
lengl b, all dimension.Ireifig in inches, at N revs, per min., is therefore 
/« ~ x icr 7 

= 45;Sl(r,*~ r, f J/ A'* X lQ-’ iV . 
or per cubic inch » 45’5(f # -f f/jS* X 10 ; . 



(M) 
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In the first place* taking the bentWig moment due to this force 
distributed along flu- length /, between the supports of the com¬ 
mutator \"s, tlie length /, being treated as a l>e*uu supported at 

Iwith ends, 1 he maximum stieti on the «opj**t is 

i i nA 

■ 

The modulus / of the tupejirijt m-i ltr»n in relation to h ri'ion .dong 

tin* riufW edge is -■ t ( 1 • 1 * 1 Y.iml 1 be te¥**ile stress upon 

I- \ /| l / 

the ropfx-r is • , , f - 

v «*•'.’ r ;' ,r : ' vs ' 1 --» -i i««- - • i« 5 » 

^ , > i 'it ■*Vi t 'i 

"Vhc rAi^poit of tin* (onmmtatoi bars is jmi >iuh th.il they can 
be irlied upon to i (produce the rase of a beam built in at both 

rtuh, in which CN- the stfevi would be reduced to ^y'}^' 

In’addition to ihe 1rTi>ile stress of e<[, (80) there is also tin* stress 
due tn the axial pressure from therttainingrlid-lings. Ia t P the 
total resultant axial load on the holt-, pom all Taiws ; then ihe 
share tnkfn by each sector is /’/f . This fort e aeling from each end 
of the bar miN's an axial compression along / lP and a betiding 

P . % . * 

moment •; [\ where \ is the di-lame of the mass-centrc foi 

( * 

tin* cross-set I ion front the 1 mm: of the f opjier.’aiid c is the distance 
of the tjiie /, from the base (big, Above the^ neutral line, 

i.f, above the height \ t tire stress changes to tendon, which reaches 

P 

its maximum value al the outer edge, naim ly, r [x ~ c) 
where / B is tlic,mnment of inerlia of tlie tapering ion, about the 

/i t / /1 _ 4 / f ..j. / *i\ » 

neutral axis, and is( , . ). I he above-described 

•**\ / 1 b * 2 1 

stress front the axial pres>ure P then additional 1o the \\ nsilc 
stress X| from centrifugal force* * * 

The total tensile stress shfutld nut exceed ?, 0 tK> t«> 8,000 lb. pejr 
square inch for hard-drawn recipe* , 

In very long commutators the deflection of the bar between the 
ctul-damps may be appreciate and reqijjrc calculation. Part nf 
tins deflection is due to the centrifugal force, and m$y lie calculated 
as in $ 9 for a bract of length l t under a distributed load, namely, 

f / J 4 * 

“ fa'S E I 1 w * im> ‘ s °1 elasticity for copptf «* 

16,000,000 lb. i>cr square inch* Hut there is also a part due to the 
bending moment from \he px^a! cnnjxwnl of R opposing P, 


m 
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which has a uniform value all aldhg the line betugrep the supports ; 
the additional deflection due thereto is 

* 

H h f ( X I c Y • 



» 

maximum value. If tlie deflection exceeds a lew mils, as may 
happen with commutators fur large currents at low voltages apd 
high speeds, some central support tweenies necessary, and this may 
be obtained eithci as in I ? ig. 190 fcr J>y a sleeve having a fijfcd cone 

1»—<»«i * * 
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near I he centre an^l t wo loose cones, one at each end, drawn together 
by tension lfolts. • 

In a similar mUnncr to tlie above may be calculated the bending 
stress upon the ovfi hanging port ion of the coppef bar which projects 
lM*yrind the nose of the V, the length l t (Fig. 189} being taken as a 
beam fixed at one rnd only. * It the drerease of ‘the centrifugal force 
dm: to the wearing down of tjie copper be neglected, i.e. assuming 
the rfHtiifng.il force per mbi** inch <>f copper to re nut in constant, 
the fallowing approximations an? obtained for the it n*ss and deflec¬ 
tion of a plain overhanging |M«r1ion 1 of depth x (Fig. 189), namely, 


4.S-5 r, p f 4 )*V* x V b 'i • 0 ) 

I, - !■ f * ' 1 lu- 7 n>. jxtmj. in., 

* {v f . Ian 0)* 1 * 


and 


'IhJ v \ /jtanfl) 


These v.diirs, again, ate usually a maximum when the commutator 
is worn clown and v lias its minimum working value. It is, in fart, 
important, especially with high sjxrds, that the amount by which 
tin 1 comm i it.it or may „safrly he turned down shouhl he clearly 
marked upon its end face, n 

t 

tn tlir pr'Kcss of manufacture, while the whole commutator heated 
Mn l<> a high ti'iii|HT.Ui|n<, the V ring'* am Mp|f*rwd tightly h*>uur tiy means 
of hydraulic power or exit* mat s« rews whii ti enable a muih higher pressure 
to tie brought to W'.ir than could lx 1 safely applied through ijir* commutator 
retaining Ixdli only. I.rt Ihr total axial pressure wtm h is applied in this 
stage, ami wlm h h chiefly due to »xteriMt means, reinforent it may lie by 
some picvdire from the retaining ImiHa, ^** •! t\ - /’ p ; this pressure 

rails foitii a reaction l\ n directed outwards ami at fight angles to the tmlmrd 
hu rhue of 1 tic nipper sectors (Jug. JMI). Taking the axis of the shaft as 
h<irixo»\al, then .is the <n«l-rings are forced up the im Iftied surfaces the 
horizontal components of ft (l amt of the frictut'ial reni stance /ift 0 by the 
principle* of the I mimed plane together lialumv /* (|I \t I‘ 0 :•» ttjm (f> 
•f fiH „cos <f> The vertical iotu|H>ruiit of ft js KiUiurd by the com tuned 
etTeet of the vertical roiuf>oneut of /ift^ and the vertical pressure {^exerted 
inwards by the end ring. <./. ft # cux if* «, 4 - /ift 0 sin tf>. When e^pressed 

itt terms of * 

Q ? . T> «IW tfi - /IS in ^ 1 - fi t an V> 

* ' sin (ft | /* rus if} “ 0 ft i tan <f) 

r * 

and ft .«■ . • The -value of at this sl.igr represents 

sin ^ ft cos if) t , 9 t 

the total amount of the inward radial force acting uniformly oil found th« 
periphery of Uie ring of coppre «f tank §*d. The case is analogous to that 
of § 5 for centrifugal force acting on a ring, but instead of a uniformly d)s- 
tntinted <>urward radial pull w*f ha\& a uniform rnwnVd radial posh, and 
instead of a hoop tension we have a compressive strrjss pro* 1 need on the flat 
sides of the cupper and mica strife : the intensity of this compressive stress s r 
is therefore given by tile same expression as ill 5 5, namely, «as equal to the 
total radial force divided by 2rc.ik where *5 is .the area * on which it acts. 
Assuming the outer-surface of the V’ to tie nearly horizontal, so'that there is 
^ tittle or no expand infliction due trf it on the overhanging wedges of copper, 

^ It. Livingstone. Tk* Mtchanisal J)fKtgn^nd Construction of Commutators. 
p, 8, where much practical amlirheoicHcol information on the subject is to 
be found, 
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tho rftdul furcfl *i #4, A **d miy b% conudcreJ u pn*iuaog ft pr^uir dis¬ 
tributed atnlomtly over the entire area ol one half sale,at aoci»pj»i lulr or 
mica strip ; i e. the iita ab now in question is half the entire surf ate .4 ol one 
xde of 3*sect<>r or mica strip. The intensity of tlie j^npJieral stress U-twivn 
opposite face* of a longitudinal section timntg)i the lomiuntator parallel to 
a mica stnp is tbefefufV. up to the piiscitt./chi'ti the min mutator is at rest, 

..•••* 

*v • . . , ,. . 1 m tan 0> , . 

liiirmi; the >tau<* of con^im t:<>n, <♦ * u t . ami n nos 

: tan 0 # 

t . , • /V 1 <in 1 

n> nuxiimmi pnitivi value, **» that s c • ,* .. 

* V Ul V < "mill • * 1 

If the same initial value is given liftlm mlrystf^ of tin* i umpteen m on 
the mu a of ihtferent mat turn s. it remits that tin' axial pm-sMiir I*# that 
must t*e apph.ij hi building up tircoijirs Minpli" to ihe 

ana of a liar h r a cu*< n angle of intimation and \.ilj ft ; j r. 


amt n has 


/’ ■ <„ rr.'l 1111 . The iof ttii icnl of frntem a has crJal i¥« 

c 1 • ft tan 0 • 

{Miriamt* ami tan reach a high value, sav, 0-1, whriice with 0 ltd , 

H ■* 

Identifying l\ t with the pressure t\ prndmrd hv i-xl< Mill in'an-. oiilv. 
since the mils of the retaining Is'lls sh«fiiM not m tin- )jii sent lap’ l*r light I v 
Krewnl up so as to ,nM any great amount to tfie lot%I, a useful pin ti< ,il side 
glVeS i\ t as t.Htm .f 1 |i., mi that * ( Is vntii.il]v lb |»r •Mjti.iii' Oiv.li of l|ie 

n)it,a surface.* ami this should Ik- zmiAitaim-d until ihr . "mmuiatm is c<n«i 
T he liuls <d 1 he lWalYung t»*llS afe iiotv liylltem-ll lip. and tin- Jifes'uut' t* r 
rciiKivol, Ii-avim* tmlv ihe pressure iron Mm* Imlls. In >J< ternpmug the 
new.Mate wind111- mhs from this rnnov.il i>l the r\teru.il pi« s-aire, the guiding 
principle must It- the toiisidrration that should the t.ipp i expand <u‘ the 
mtl nilgs contHi- t i vm in tin slightr'l degree, doling tain s pl.u e Ulwrr-n tin- 
nut a end rings and the on Imed metal snrfai r- 4 am) tins implu s not only that 
ihe /nettonal resistant e has changed its direction nr sign, hul «i1sn 1h.it ft 
has again reathed its ma»inr:ui» lHim- m tin oj.potiv oi mg.tiivi «lif•timi 
Jim radial pressure cm tin- mil rings, the re foie, as soon as illative inovenieiil 

lakes place, is h* /* . and the axial pres'mie on Ihe efid rings 

t.^i 0 - /i 

(ending (■> force them aj*arl Irtotm-s 1 * fi sm 0 ftH < "i 0, i>r 
ft ]-o» Hie same value of f> « »r It a v.dne of /’ much 

Sill 0 /i < f^s 0 • 

smaller t twill l* t widetitly su ft ices to retain the same total strain on io)t|»r and 
end rings. • • 

]ti order, thelf. to determine what hap|<rns when the ext. rn.il pressure 
in reinovi'il, tin* amount hv whit h the topj*« T lias lv « u i outre l> >l and tin 1 
Muljfidgit exfianded under the ptes-.nn! l‘ n must m the ? 1 -l plme l«r i al< ulaP-d 
so xs to judge whether it will alter, and this can 1^* done as follow -. 

TJie ^tram of any component part ol tfje siruituie is equal to it* length 
multiplied by the ratio of its stress jur unit .^ea In it* nUMluttis of elasticity- 
T^* peripheral Compression of the cornier ami mica is <■{ thief importance, 
and the amount of the contraction ol the circle through the middle of the 
, . • . . , • «;.s e tnc.t. 

sectors due to the peripheral compressive tlnvi s c is j- „ 

• *'~c 

where F. ( is the modulus of plasticity of i*>p|**r « Ifi /. W* lb. ys-r square 
inch as before,is the modulus of elasticity of tfie mu a. The latter 
for built-up/trips is very variable, and ihcrexves w ith increasing jnr-sxnres ; 
it can hardly, therefore, be rcgarderl as constant, but frorft oc.tual rsfirniTients 
analogous to the case of a commutator it may be takiai as O'5 / Ui* to 0-75* 


1 If tt be argued that (he intensity of the pressure on tile mica shouhl increase 
a* the number of sectors » increased, ajuf their taper ilecrraxcd^ such an 
assumption would Had to s fl Ireing/nade foughly pr<q*ortioTUi! to the diameter 
of the commutator. t 
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* t 

/ JO* lb. pef wjuarc inch. 1 Jiut this peripheral contraction virtually 
amount* to a ihortenuiff of the axial length along the line l u anti it may also 
Iw: exrirnwcd in term* of its axial equivalent liy the following consideration* 
A radial contraction inward* of Uwr jiu lined Mir face of the eopjtfr by an 
amount x lias exactly the umr effect ax il lhi* length of the copper was short¬ 
ened by the amount */tau llx* radial contraction of both ends amount*, 
therefore, virtually to .4 contraction of the length by 2r‘tan 4>- '* dace 'in* 
*ou1d lx- til*- rontnu tiAn of *hn jn^iphery the virtual axial shortening 1 from 


xdh ends is equal to 
4 


jrf-njihrrul contraction at eitlmc end 
7 T Ian <ji 



<: 
^7T A 


,.L i ** f fi f,m & 

1 h f ' tan ft 


Tin* topper is also dlo-*fty totnpr*-vted axially, but /• »r auv value of i\ 
thi: total axial tompriWMVo stress .t # is not simply i-<|ual to /' divided by tin- 
area of the topjx-r ariiuihis : tills-lio’i t stress is augments! by tlm laid that 
4 ^ litm not ini through the mass centre ol the -^'ttioci, wlm It give*, the addi¬ 


tional stiTss /' {1 - r) - and further bv the fact that the torn- 
I c ' L 

preHsiou is applied only at the supjKirt* while the radial i**^isiin^ fore ex are 
distributed evenly lx-tween the support* fhr average N udmg moment 

dim to this latter fai t '1 ;t " 1 os (ft. 1 ,. voiding .m additional lomprc-s-iw 

stress ’ iivo'iifi If * j -“.. i , in.‘ total axial i<*iu|>irnivr 'tress ii 
therefore f t 

, > 1 ,<>*'* •’ 

a 1 arm of i'npi»er aumdiis (■ t r !t(( * t f ) Mart «/> • fi) > 

and the compression / t . ■?. * 

The two'additional terms within the brack el in general far outweigh the 
fifMt. so that tin; axial compression of th< r c."p|* r xs inn*h more than might 
at first lw expected. In order to shorten rah illation a> inueh as possible 
by expressing each quantity 111 the form m winch it is filially required, and in 
terms of the data of umstrrn turn, let t 

1 1 ; <- :>V . „ 

h f iarc\<d copper ammlns f. y t t > 

V v -* *•« r 
il fi, c , i/ m{ * 

*.... . , (± p A" ) u 

n tan (&• -n J \k c h m / t 

The total compression of the cop^mr jtrnl mica, when reduced lo the formnon 
hasis of axial length, is thus in the construction stage Vtien /r haft its maximum 
putative value f 

,, C ! »(t • /W ■ tan *11 , 

ln ' . «»» i t )*™, ■ f 


Analogously to the ease of the direct axial compressive stress on the copper, 
the peripheral or hoop tensile atn^w cm the steel or iron end-ring is not simple 
equal to the radial pressure (J divided by 2 jt . B <iA, where <16 iathc area of the 
section of the end-ring. This is aigmentec 1 hy^he displacement of thr line 
of action of from fhc neutral axis, by the direct action of the itxial pressure 

» . ... ..... 

J The latter figun? U'ing that mlopted by Mr. Uwingstone. 7Ae M/ckhntial 
Ottigm and Conslntctiw of Comifulatois, where the theory of commutator 
construction has been treated a# length but in the ca.se of the V-ring type 
without allovruico for the effect of {he friction* * * 

1 lavingxtone, Ah’, rrf. p. i7 ffJ , 
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P, and also by the centn/ugal lore* of the end-nog itself. The last-mentioned 
force may be neglected, and calculation from a spocimAi end-ring as typical 
of ibe ^liiss Uu-n *Jvows that in relation to Imih (_ J and /’ the equivalent section 
A t is about one quarter of the total section, s*t that f*r should be taken 

| th of the area shntvu shaded in Tig. 141 v*i limit deduction furl he bolt boles. 

Tlu* tensile stress tending t<» expand the end ing ptriphc'raJly is thus 

I 


- K* 1 >“) 


A. 


Hut </ 


t.ol 0 • * , J ■ fi ta» 0 . ,\ 1 

tun tft - fi * \ luti 0 )!< / lit A f 


and (I is the me,in diameter of ilu^ndmig at flj«- assumed line i»f contact 
trtwren <upper and ring. the penplural elongation is rr/l, . t f 7 - r , when' T', 
is its modulti* ul elasticity *■ *KI \ ](>•, if of steel or Vtough 1 iron. A radial 
expansion outwards of the tin lined snrf.fte of an end ring l>v un .mxiyit t 
has exu< tlv the sam* k effect as if it were did Imw k ah mi: thrlx’ltv t^rouivl'^ 
distance x tun 0 The virtual iik reuse in the axial h ngtli due to *bc j- riphe 

, lHUhllrTule.St’UUMoU of mie end 
r.tl expaiwioii at hilli emh ;s therefore i-unal to 

ft l*ll 0 

\j t - , . — - * /'. 

~ i* lJJ * “-V-. « , 

Then if J* is given its value / J fjl and ft has its n^ixtimnu |HNtnv value, the 
equivalent im tease iti the axial l'‘ngl^ from the «-|><ugati»n of thei-ml rings is 

* i. S f . , J ' : 0 - »'*« 'Mi 

“i* - i 

Tlu? sum of I he i ontt.Klion of tile < opjK-r, axially and i«ti|>Iii- rally, and of 
the {s-nfithTalr xpahsion of the ritd-niip, all lolno-rl t>> their axial i qnivjdiiits, 
is Ihvreioc i‘ • 


V r<f 


n ■ 


if \ \t‘ < If) fl 


fliven this ]>i« hinm 


iry v.ftm- for tTi«- tonipre 


•HQf r • r 

* * < 


ssiou of the f op}«r and expansion 


ot the md-ringv tlu? qucMitm of what happens when the cxlrimil invent* 
is reinoviil entirely turns iijvifi the minimum a vial pressure P r fuhi will 
suffice to retain the sanu* v,diie ij D . When the «up)n-t is oti tf:«- jKjiut of 
expanding and the end ring is oil the point of iotitr;u ting. ;t has « hanged its 
sign and reached ds maximum negative value, mi that the required condition 
f»‘ * (/•: i II) (1V ft mcf tan 0H 

tM ' 4> I 1 *,* * \ 




+ 


h i- 


’to T \‘ j 1 * ^ /-: 
or the mi mmuti* re til tiling prrvnin; is 

<; \ u: f //) n - /i tim 0) 

_ tan 0 j * yi _ 

• ' r ' X 1 * .T7T" “ [H ■ Iff /i t ^ tan 0) 

mD H U ' * 1«n 0 ft 

l^is evident tfiat unless ft mux negligibly i* f may lie much lrs?i than 
and if p m ^ r = jD-4. P r usually wi»rkB ^ul only abonl ■■•- lit r>f l* 9 . or wy, 

960 A lb. In the supposed extreme case of // TO#r » tan 0, the commutator 
Vould be self-holding withou^ any tension^at all on the retaining bolts. 

The effect iff removing the external pressure can now be determined. 

If /’j exceeds i'^^althoughier than P a , nrr alteration of the 

lengui of tRe copper ensues. There ix fio further stretching of tlu> bolts, 

* p. , »i 

and they remain subjected to a stress «r wifcrc « is their nunjjx?r 

V'4- 

and d is th«r diameter at the bo l toe? olthe thread. The value of ft simply 
adjusts itself to take up the aiflertnoe between and /%, and to the extent 
of this difference there is already a margin \o meet the effect of heating ot of 
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centrifugal force^r of both combined before any further stress will fail upon 
the bolti If P k Khmlld Iwjjpcn to he exact)/ equal to J* any further straw 
from heating or centrifugal lore* will allow the copper to expand an^l slid* 
on the Springs. utisluity them apart. and the holts will lie farther strrtdicd. 
If / J ^ were lev. than i’ r , the initial lomprrvuon of tlm topper and elongation 
of tint end ring* n*U not I* mamt&m-d on the removal M i* t . and a smaller 
contraction of the copjiieA.uul exjiannion of th«r end rings must he taken witii 
a correfijxjnding greater extension of the ImjUs, until the two values of P 
mi obtained ar<; oim ami this name, and llu* farther <xt**n->ioti of the bolts is 
equal tri the expansion of thy cop|n-r ami (.‘infraction of the end rings when 
Usth are referred to the same dividing hue. Tint pressure from the bolts 
has (hen failed to maintain the full vahV- of the initial vjiierring. 

It is obvious that it in iurlrsV to gi\-? sui.h a high value to that the 
stress on the Kilts from r'" Apprrj.u hen their riant e limit. Hut with good 
design there is no danger of this, and the ntress from although exceeding 
l* r , always (alls well la-low th»* elastrc limit of the material of the ImjIIs. The 
V'tH’uui then At this stage lightened up until the bn-dle stress on the 
I*jit's at \liy batom of the thread h-v* Mirh a -»afr v.dm* as. sav, 10.000 lb 


per square inch, 
V, ~ JO.flOU x ' 


which the 
was less than 


I*’ 

li til she 


aim 

u- initial axial pressure 
ttimirnttal"! has when at rest 


dt 

ret It "lied 


»l the till 

utid from this may 

t ** iu,nou x ^ - 

if the preliminary was less than l* t , the only rlfeel of this will have liecn 
loagpm rats*' u to a lesser yegahwe ora i-^.Mive value without unduly stressing 
tile Im>Iis. The added rtmjs of heating and < eiiliifugal funr may now lx* 
umsidrrrd. * 

After prolonged running at full load, sin< ■* the steel t<>lt* and the copper 
reach different Iciiijx-rahiies, mi* l have ihthnut co-elfuimt* of expansion, 
there would arise, it both were flee to expand naturally, a certain ditffrrn-Y 
of their lengths due to heating. Theft: is, however, actually 11 " resulting 
didefence of length on the Imttiukirv' surface I " I ween the topper and tin* 
iron, i f. at the tearing hues along the Iinlmed surface** -d the V-ntigs. tile 
explanation Wing that the dillermce that would nalurallv aria.* is taken tip 
by eomprtvssMjn of the eopjier and mu a <uyl expansion of the end rings, or 
by elongation of the lmils or partly hv olio ami plrtlv by the other. I’lie 
lirn-ar c.o rlhcient of eKichmuoii of cnpjxu Uuhg o-WMM)l7l* js-r degree l ent . 
and of* 1/011 0-000012, llie natural expansion under Jteat of tne topper with 
pcriplieral expansion reduced to its axial equivalent is 01 HhHM7:i *; / 

(l j. - *— S Y and of the bolts ami V tings (assumed l<> have the same 

\ w tail A? / v 

temperature) is 0 0000J12 l 'yi t* ] where and t* are the respective 

rises of temperature of copper and iron. At though IheiljoUs are of length 
greater than t x . yet the cml rings of iron expanding axially in the contrary 
direction conn ter balance purl of the length of tin* (mils, so that 1*1 each case 
the effective axial ihtfeAnire arises on the length ! x U a rise of 31 -5 C. is 
assumed for the t:op|x*r. ami of 14 *5 for the iron rebutting structure. Hie 

and 0*000175 


increased of length arc respectively 0-0006 i . . 

j f?/} \ i \ tdll 0 •' 

\ l tt t in J naliiUl difference ul length would therefor® under 


1 1 ir tan A 
action of heat bo 


»j A 0*000425 I ( + 


0*0006 rC - 0 000175 nD, 

?f tan A 


The whole of this could bo taken up by comprcAing the coppoaand mica and 
expanding the end rings. The axia! force P k rvjjuifed to*<lo this when the 
copper is just about te expand, and /4 has its maximum negative vAtue. would, 
analogously to the case pf P r , be * 

- v ~ n* • 

* D + £ + O ^ [E + ll)il + ;^.x ton * 

or * i tux 4 f'su . * 

p h ™ Pm x 2* . 1 * 


1 
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Lastly, the effect from t2 m centrifugal force of the Various parts when 
the m&chiw is running at its fulupeol must be taken in tc^ Account. Iden¬ 
tifying the total radial centrifugal force of copper and biica with that of the 
copper sectors, this force 1 F„ e* C , f m acting radially against I be iiulmrd 
surfaces of the end-ting* may be regarded as equally dfcided Iwlsrrn the two 
ends, so that at each end there results an outward radial pressure q *-> | J' |f . 
The additional tensile stress thereby thrown upon the end-rings owing to the 
centrifugal force of the sector* tends to elongate nicin, but if they r\]»and 
with mcrv.wtig speed the peripheral toftiprcsMou on the copper and mica is 
automatically ivinnwd in,a rorre* ponding proportion Tin* :wfnal propor- 
turns of the two ^1 mnges Will dcjvnd upon all tlig conditions as to tltWTrUlive 
strengths of the copper and nun hn.i the other forces present, but it will 
suffice lien* to observe that the total contraction of «oppi-f and elongation 
of rings f'-r a given speed may Ar m*y tudVm.uft the same as when sat n*st, 
Thr hoop ktiMori due to tin* centrifugal force Ironl the end rings tin-in sc Ives 
has the same effort, but may by comjwnsoii W m-glei ted in the V-ring typo 
of commutahr. • 

As soon therefore, a* the com rim tat i»r is rotated. fr<-ifl <>, *1"' 

pi essu re of the retaining end -rings, there must lr di ducted *, in tinier 


to find the resultant radial pressure wlmh i» really df^livr in < (impressing 
the iop]HT and uni a p-npls'ially. Heine i f in its n-uipjete form w 
I / /' 11 if*. Ian <ft) /•', 


~i( 


, „ ]. and in the working stale of the < ommnUt'f, 

when It is lir-.itrd and also rotating at full speed."the miniimnu a\ial prt 'sure 
/*/ thru will retaiii tli- original relative lengths of ininmnliitoi and end ring* 
will lw given bv tlieVqtsitlii-ii 

J x '- 1 " 4> 


*h> + f i» 

when it 




/> i i: 


t 1 . 


2 / 


f«7) 


*} 0 \ >h + 7/. * 

* ' * ;* //■ . ' {i: *» t,] «* * 

% ban - ft m9r 

It is evident that P/ is greater than P r , nM only owing to the a* lion of hr At 
but also owing to the action of centrifugal force whwli w< akriis tip j*ripliersd 
< (impression >*n the mu a and cupjier. 

If, then, i\ K^isls P t \ the coppuT and rmLrings together still Is main 
of the same length relatively to the Lolls, although I mill have increased by 
the amount of expansion «.f the length of the bills, and no but her stress has 

l ‘t 


brrn thrown u{lm the bolts, wherein at the threads we still hnvr 


Such Jfcnst be the aim of the designer, and it will N* vrii that /j then act* an 
it were automatically *i take up the additional stresses that would otlienvi.se 
result l<» the bolt* from heating and centrifugal force The ioWficient nf 
faction assumes such a value //,, intermediate Iwt£<*■'» Ms positive and negative 
maxima, that , 

V.+ V0 + h\" 

♦ n r i G ^ + & (f J* th <£) 11 

t r * ton ^ - /i, 

In making the calculations to determine what margin fs actually assured in 
Pi, ^ is advisable to err on the safe aide by taking /i%t a fairlv low value of' * 
say. 0-3. • 

......... ♦. - 9 

1 As an approximation, allowing abJut 10 per cent, of the mean 
circumference for (be mica Strip*, /■'„ t 175 IX* (r 9 * - r,*) / 10 1 lb. 
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Although #*/ sbcwld not exceed Pa. it U of interest to determine what 
uddiliofuil thrown on the bolt* Wnen this occurs. Assuming that 


l\ is at kast > P r -f P k . let 


D + t /i y 


v* -i % + " F "y 

G -fe (h f- H) (1 + ji m «taii £) 


<t> ~ f* m „ 

/■ * 

i *. *,y is a tertain proportion of the centrifugal forte, or tin: centrifugal 

i i 

force foi*&onn* speed lower tln.u the full speed, for which wi^h the Heat effect 
the minimum retaining pressure is exactly P t . As soon as the speed is increased 
above tlus value A he holts are more stressed, ^tid the end rings are expanded ; 
the copper is more comprevtM jgxially. Inti on the other ham! is less compressed 

peripherally. If li *— . * t where f:^ is the modulus of elasticity 

n . /ii 

• ‘ 4 • 

of the slA*l bolts «** 3(1 >' 10* lb, }>er square inch, the a<lditional elongation 
of the lx»lt< is (/' - and this together with the inerrased elongation 

of the nut rings ami imreavd contra'’lion of the copper end-wins* must tie 
equal to till' amount by whii h the peripheral compression of thr cop|»rr has 
hren decreased. The latter at the commencement of the pmccsj was 


// 


tan - fimat 


V (' 


ami ends at the value 


// 


M h f* 
tan tj> 


«a« tan <*,) 

/<«.** - 


VI 


Thirrrforn 


tr 


, </>, 


/m r: i 


o -| 


K(l f- /*«» 

tan </» - 




nnd finally. 


n . 'Mi - 1 /<,«„ , *•»' . v) 

tol1 - /*<*** - 


/* K P | 


£i + /> < /; i 


« ^ 

« !■ (K 


(1 - v> 

t- //) (I -I- tan <£) 
tan - /r maj! 


(H7a) 


where J> is the final axial to.u! resulting from alt causes.», * 

In order to calculate the tensile stress across the base <>f*lhe copper V, 
jf the total reaction l{ bo considered which acts normally to tho inclined 
surface, the section acre** which the xtres* reaches its maximum value may 
approximate! v be taken as coinciding with the Ime A H drawn at right angles 
to tho inclined surface (Kig. 1911, # The hen^ing m<*nwnt on each sector 

is then y ■)■ ~ tan flb«\ «nd R *» . , * . . When the 

C\ 2 w sin - /i co»0 9 

appropriate values are given to I, and in the modulus / of the tapering 
section, the quotient of the hrnditfy moment divided by \he modulus gives 
t lie stress across A U. Alt ho ugh comparative values for di flcren t cotnmu t a tors 
may tints be obtained, the quest ioit is in reality complicated by the degree to 
which the peripheral emupressive stress upon tho copper lends Support by its 
sideways pressure to the noso of thcfY. « * 

f 87* Mechanic*! design of (tomsmitmton with ihriak-rin*^— 

In the case of high-speed dynamos driven* by steam-turbines, 
where th$ peripheral velocity th^ commutator may be as high as 
7,000 to 8.000 feet per minute) it becomes necessary to employ 
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nickel ^teel rings shrunk on to the commutator at both ends or at 
intervals along its length, a thin insulating band of wfeA intervening 
between the steel and the copper (Fig. 192)*. Three |>cr cent, 
nickel steel has a breaking strength of 40 to 45 tuns per square inch; 
and an elastic limit of about 25 tons jfrr square inch, with an elonga¬ 
tion of 2H/25 j>or cent, in a lengthy of 2 4 mchl">. The l ings have a 
section of alxmi 3 ins. x 2 ins., and the mica, built up in layers of 
segmental stripy 20 or mils thick, is held u> place dining 1 hc^rocos 
of passing the ring', over it by Ivie string which the ling heated to 



luc. 192 ."-Ohm mutator ionsiriK ti«m with shrink 

ft re llij?h UpCisU. • 

• • 


a rlierrv-rrd fan bum off, or preferably bv a band of tine sfi*:l win 
upon which tin- ling Ht<b wlien it rooK* To inneasr the leakage 
surface and still keep a firm face of mica which shall not spiing away 
from the copjHT beyond the rings, it is flrM to make the sluirik 
rings wider than^yill fin.illy be mpiircd and to tmiydf some met.d 
on their outef edges. No slicking varnish should be employed under 
the rings. Longitudinal grooves are someliyies *ur«*l along the * 
cdnujjulator sectors to indicate the safe depth to which Ihey may 
be worn down. 'Hie innescone/sli^wn separate in Fig. 192, may 
also be formed directly on the shaft. With high sj*eds above 
3,000 feet per minute a perfect balance is essential, ami the com¬ 
mutator is in sofhc cases seasoned * by running it at a temperature 
of 100° C. and at 20 per cent, excess speed to give it a immanent 
set, • * 

* i ♦ 

1 Cp. /f. G. Ellij, "Stam Turbin* Dynamos," Jqurn. t.l'.E., Vol. 37, 
pp. 322-24, where other construction arc also illustrated, and for radial » 
corftmuUtors s«s MUc* Walker, Specification and Design of Dynamo-theteu 
Machinery, Chap. XVIII, pp. $1$, 535-4?^ 

1 Cp. R, J. Roberta, “ The Mccfeantck Design of r«rect-cunj?nt Turbo¬ 
generators,” foutn. f.F Ff, V^. 138. and ,r Turho-romniutaturii/' 

EUc.tr., Vol. 63, p. 121. - l 
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CHAPTER XIII 


Th* theory of 11* '(brink-ring commutator it ampler than that of the 
V-nng type, diyre the peripheral stresses and it runs which atone come into 
question do not rtq litre to be brought to a common footing with any tidal 
■trrflM* and strains, and friction dor* not enter into the problem. Under the 
initial tension with Winch the ring* arc shrunk on, wften the ring 3 are cold 
and the commutator 19 at rc-vt, since the respective ufc 11 inferential lengths 
must be equal on any given boundary surface 

(Natural length f fnicih'e clotigati'm) of the sdrel 

•— (natural length - compression) of the copper and mica. 

Or if .Viand Y am the natural lengths of tin; (.upper and pngs respectively, 
the turn of elongation of rings | competition of copper and mica — X - Y 

~ Vt 

Suuc for tile present psrpn<r*jt i.i *nly the difhTciu'o winch is required, 
it in immaterial Unit .V\md*V should really 1« correct#*! to some actual 
dividing surface so loug.ai On: same resprctivt! diameters are retained for the 
cupper and the steel throughout tlw«fol lowing calculation*. The c on side ration 
trfe stresses 1 ft shrink-ring commutators must lw based on the two laws winch 
holfl fwAhj 1 « uv of a lhak cylinder subjected to a uniform external or internal 
prrvmrr. Tf /*, and /* f are the intensities of tin- radial pr»“»»tire per unit area 
on tile inside and u lit side n-q**: lively nf a thick cylinder of inner radius r, 
and outer radim r,. then the intensity of the tadial prtvnir** f' T at any radius r 
within those limit* j* 

- /, *. W r i* '»* , t't '* Pi h 1 

* r r*'[r* r*) r f > rf 

At the same time the circumferential nr hoop stress s r called out at the same 
radius t is f * 

* , (/*! PJ r i* r »* t P> r ** Pi *' 

' (V rf) rf - r,» 

and w a lemilr stress if 1 1 is negative. * 

if fi 9 ami tt t are the outer and mnrr radii of the steel ring*, r 0 ami r ( those 
of the cumu»i I ator. let and l*e the intensities ol the radial fou r per square 
inch of surfai e r producing tension on tin? ftisule. of*the Mrel ring and coin- 
|i(miim on the txihulc id the commutator, in ImiIi I'aseH a* due to the imit.il 
conditipK'i after skunking on The external radial prevuir# on the shrink- 
nng briug <en\ the peripheral tensile slnss on # the inside of the ring ix 

i ft »•> /'j . ^ and if 1 /it # husson a rati 


inside of the ring 


, * and if 1/a 

K 

W, 


/■ L 1 . 

, \ 2r ' R i / 


V- 1:. ■ ’'M 


-» <>•&>, the elongation of the 

f KJ - 


1 + 


17 ‘ K r 


• -S 


- «t'\ 

+ IT/ / 

Tho internal radial pressure oil the commutator being assumed to be zero, 
the peripheral compressive* stress on the outside of the commutator in this 
* v ® *4 * p, ® 

initial stage is Sy f> 9 . ° % ’ v and the compassion of the copjicr Mid 
mica 11 ♦ * * ‘ 

/**C ,mC\/ l *\ //,C ,mC\ /r,* f- r* l\ 

( k ; + " i ■ *) m \K + irj^w ‘ *) m 

If the insulating mica of thickness V under the rings be assumed to be incom- 

il‘ It * — A 1 * K • 

pressible, jf\, — I\ . «* s fi * * * >; i The sum of the elongation of 

% “tf 1 I 

the rings and comprotsion of thq coRnmutator extfrrsscd irf terms of s ei is then 

rw,/ 1 V'j • 

"L K \ *' «’/+**■/ 


».* - R .’. r .’ + V Ml 

»m>' V + «,;Vf 0 ' - ' 0/J 

-¥* ■ * * 


V J 


% 
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The elongation tad com pro*! on ..although reckoned on different diameter*, 
•office to give the djflweaw wtueh we at prevent An estimate of 

the amount by which the nng when cold before shrinking 09 must be tuuUer 
than the ruica barking upon which it is shrunk when the commutator is not 
truly^ompresied can, however, be obtained from the relation 


LC i mC 


- 


*U 

» " * 


or the Uilfcn-iu*' of tin* two diametc-t* Tip* 1 airmail'd amount, although 
useful as a gunic, must however be flunked bv the result of rtjvrit'Bt* 
m >iew of ihe w.uit of um/onmty in the thukurv* of the muu, and other prac¬ 
tical irregulanti^s. iVrierably, m order to pats the ring* easily over it, tho 
rommu tutor is compressed to the fid] extent required bv a 1 lamp in the ccutre 
with • or -I rings, and temporary >trel win* Kinds over wlyeh the ring* will 
|xiss. The ihft’R'iKc of the diameters nnt*l tMi W reduced to the amount 
corresponding to the elongation of the steel^mg only, an<l In-fore the ring 
is cold tlu* commutator should lx* released from theexternal pressure in order 
not to throw an undue »ln»vt upon the^rmps and cause an initial elnnuation 
atiove that which calculation shown to In* safe. To avoid (fverhea^ing effete 
rings they should lint U* raised ulxive, say, 1120’ 

Jty giving any mptm-d value to s ri , sav. 12,000 lb |**r square inch, ^ i* 
found, and assuming the same rises of temperature in the copper and steel 
us More, 

^ c. O-UOOfW,r lMKKU 7 S?rfr ( 
whence • 

rirr ** * * 

*r* ' ! rh *ci ■ ^ 

If t \ r 1 lie tidal radial fevo from Ih-y otnmulator fev pu*, the intensity 
of the jre*isure dim thereto against the inner diameter id tlieimip* is }*„ 

■-.* *^ 7 . where / is the tmnl axial length o 

-3*7 » 

on tin* inner Uv<*r is 

/•’- K,' ! I*,' 

KJ H* 


the rings, ami the tensile M rests 


__ w 

2*7 


The strfM cujlif inner layer due to the u-ntnfug.il f»r<e of tin* rings them- 
selves is as in §i$. ^ ™ I- ~) /»V •{ (^1 ^ ^ lif ' . dim 

Mnhil a* ailing independently 

I 


lota! teUMle stress due to (‘‘.-utrifugal fori* 
would therefore t*> 


Hut this rannot 1 
simple addition 


, K % «■ *7 . s 

" ifrr/r,; H 0 * /,*,* 7 * # 

ml lined with the stress s from initial tension and heating ■ 
the tension and heating stress** art* tliemsHvi* a fire led 


by a.. and the latter can only le added to the foimer mi far as they an: 
simultaneously presqpit. the *qVrj| In? siipjN'vd In In- raised until the 
additiotutl elonRation of the rings from centrifugal force is equal not only to 
# thc initial cnmpiv»nniii of the copper afld »ica, but aivi to the amount 
by which they were compressed bv the hr-aling ; the topper Mid mu a can 
then, in the litsf pU<c, resume thftr normal dimensions, and m the second 
place the copper becomes free to expand by the natural amount corresponding 
to its temp* 1 ature 1 he compression ol ( thc tojqier and mica has thus at thin 
particular speed entirely vanished. At the i/immcmrment of tin* supjxtseti 
process of gradually mcij using the spred when the commutator was at it* 
fuli-loadtemperature, the rings were already elongated to the extent called 
for by the irutial tension and heating * to this ha* now I«yd added an amout^ 
cdua) to the compress on s of tho topper and mica, so that originai rlorjgation 
ol nngs from initial tension hratm^+ added elongation from centrifugal 
force — original elongation of rings oripnaJ comprexsions of copper and mica, 
or the final elongation of the is + ’i* 45 above calculated, Ttva 
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i 2nA / i v 

donation of the ring* tom centrifugal force done ii ^ + y. P m j -» 

Hence, a» »/ rt rile* tom wro to ij,/ with increasing speed, it i» evident 
that > j <Jk is progressively dec leased by the fraction or the actual 

proport Kin of the initial s 0t \ i |A which is simultaneously present wilh % tK 

»» equal to (I - ^ ^ VVJtey the commutator isjit rest, * 4i + ■* 

pfesrnt tolls full extent, *illld U'llcfi ^Jlr speed is so high th.lt tf" ¥j t f 
it has varuihi-rh and only s (6 remains. I hr militant stress at any Speed 
ih therefore * 


V • i'ei = ^ 


(l * ) 

V *1li r I|*/ 


Thu may also In: written m»the f«hin v 

I . * , ‘ I . V l'w I- w 

• 'h ■ bs » A « • . 

« -W 

aw^tfus tnimt hill Idivv ill** rl.ishi limit of the material, with allowance 
for n*ivotku^ hu tor of safety, or say tx-low IH.tAKj lb. i*t square inch for 
m< krl Mr<‘l. < >r inversely, from tlu? almve equation if IN,000 h* inserted 
for i,. itm initial tension > fJ whi>h the ring should have whm it is shrunk 
on and in cold rati !*• determined. 

In unJiT to give an equal stress in isu.li »■ f tin: rings and -is far as possible 
to kiiji tlm fai i* of tho < oijmmWitor pirallel to the axis of the shaft under 
every ronditum, the rings iuu,st !*• given different set turns affording to their 
mini Ur and situation. Uniformly distributed forces from the copper have 
to be halaiii ed bv lories enturiitr.Urd at irrtain points. «tm} in tinier to «|n 
this, if them air three rings, one atfhe centre anil one at either end, tin; former 

must have assigned 1<. it tlw of the total area, and each of the latter * the 
o 1 o 

of tho total area. If there are four rings, one .d either rtid and tfvu at equal 

distance* apart, the l.iller must e.uh have -■ 1h*. and the end rings null 

I J’/ 

; ^ths of the total urea. 1 # * 

Tho satde value for the resultant tensile stress on tho inner diameter 
of the ring ran also 1** ininiediateLv reached by cons id* ring the actual resultant 
tnleo.vtirs of radial pressure, /'„ aiul /« # . ml the ntsule of the steel nng* 
and oiilsiilo of the commutator rvqxrtivriy. The resultant stress is 

s m sfl P . ^ ( l| t y„. and the rcMittaut elongation of the steel is 

l\J - H* 9 • • • 

|. i V \ .. 2 *V, ‘ , v - v . 1 s V - V\ 

i: 9 \ ♦ 1 a ' v . ii # \* f *' # V t* *<* « r K l + V/ ( 

The resultant comprwwhui of t?ie coyv* is (^'p~ 9 I P» (\r % r' f ” 

atul »- ^ to which corresponds the resultant« 

comprcsaiw stress iqwn the i'opi*-r"i» equal to I\ less the outward radial 
pressure from the centrifugal force of the sectors, both ineri-awl m the ratio 
of to r„ since and ;iet at different dianutfer*. Hence tjie resultant 
compression on the copper and mica by substitution beconys 

AC , mCW ff g - - AV /V+ r/* J_\ * 

♦ \ Pc K J ^ Wo 1 + V *W'~'} " oj ^ ’ s «* 

1 H. Livingstone, Thr M «Aaaiia^ r )*si/M an) Comtmetian pf Commutator. 
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la terms al the original d*U, caluJtatHtt w eeononu^d by writing 

*. a.* + v 7 vr; 4 $z) ^ W'~ *}" •; J 

The suiA of the at*>vt’ resultant eloiigAtiim And u’tnpngssinn niast I** csjual 

tf > »J, + »N 

Thrt<if, «- % ( u •'./ I ) ** °J l * s 4 JH ;*« J H ’Ji \ '/* 

IN*" I 

\ (<'• : f '7 • „ 4 1 Jfl) ?, V »,* « V Jti \ */GJ l 

... r 




V • /// 

! *’J 


J" 


l > 

frr 1,'j 


Vk 


s*j- " '*•("" 


{87/-) 


n -i r;/ i ;f/ 

rr 


I'll** ,in;i!<ik!V ('* i-«i f.HTiil i- cvulriil 


§ 28. Example of shrink *nn* coratnuUloe cAlooJmtioo, Vs .mi eMuupk 
of tlv < ah nl.it )>*ti «d tain* IN* of ;i iojnnoit.itor IK jn <Uann*1er by 
’J'* in limit, mumtii* at I.SiJti n-tv jx-r mm. 4viih 15(1 sa-et ir> It m ii<>rp, amt 
mu a strips 0*010 ni thuk, TIip*** mt ltd slirl nnt!\ i-a» li 2J in Sleep. the 
total width of thr 11)rN mit li in , are shrunk <•« w ire and mu a hands { in 
Ihw k with .in stress «>n their inner uniimhivm** s fi ■ (0000 

lb. jH v t *a| null. I’he ui<Hlnh of rUdiotv ol >;k kid stool, mp]xr amt mua, 
will N* uk.ii as ‘J® 7 l«*. I« :■: 10*. and o /S /. T. ^voUvijv 

Asmiihuu; tin- rop|w*r t^nv du^iit* wrakim: ill S'C. ami (In* iiii-l mip to 
rise 14*S'(. , 

Oijodrir 0-337 - 150 11-000175 2n 9J 


1* 


- 0 02 


The total radial eerdriiuKat f*rio from the (umiiiiitalur %»•« 1 r »rs per m< h length 
is wlu-n tln» (.> 'inimitator is now, 

!■„ t 175 150«» (9* - :*•) 22 >: in * 1b. * 

•. 445/iofi 

and « * * 

/■' 445.000 . „ 

irllj It. »j « * ' ! * 1 

flu- stress on tin- intter 1.»yi*r cd the ^Irei ring ihu* ImU* aii rmtrilti^.d font* n 
« r O tlOi'«9\ a i»-Hf t 0 75 y fi-Tfi 1 )''- ‘i.lOti lb t«T s«j. mth 

. . . ■ 150^9|/}**^«| I 

V' lO x'in r 075 

™rJW' o-3M 

i2* .• m* 


04 - 150,bL I \ rt . „ 

-'•7s-t»*;« v9. t. - 4 ) 


« 

J" 


7 15 y 10* 


G r 


2tt ‘hi25 


1-03 x 1o 
. 7 28 X 10 * 


G]~ 013 x 10 * 

J *o 


29 7 .< 10* 

v s 

0*02 -4- f 1290 X 20 S -4 2400 >' 7*28) y 10 
^= 10.000 4- {1%8^7-wV 10 •’ 

17,900 IB. per srj. in«h. # 
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f ». Ooamaln oa mu» tUn /a Mfh wymt NaaiUM-lt it i 

matter of importance to retain sufficient or rum frrentiai compressive rtre« 
on tl* miu-ft(r)|rt.lxtw<xn t)jn «ctor» to prevent any likelihood of flake* 
flying out when the machine ii running at lull speed, and this must be the 
ci 0 ti wh^n th t comijwUtor is worn down to its lowrsl perrmssibii radius 
A method by winch the calculation of the circumferential compressive stress 
could lie apj/ronchrd was suggofed by Mr. It. J. Hoherts m his j»per l or 
.“The Met.hauual D«*^n of Direct current Generator*, 1 ' and following i« 
Ins suggestion t)i*- wrihT h;voput forward* an approximate practical formula 
which, if not & MMof^' tHv itrcurate solution of a very complex problem, 
rnaldri <niij|v.ualiVM figure to In: oUatriixl for file purjaiv of clucking new 
dcsignl * * « 

fn tlu: following Id r I* given tlurSMJuc of the radiui of the commutator 
when worn d*wn as low us i» i|i/r. I hru,by the laws governing stress and 
pressure m thick cylinders, fi given ftt § 27, if p 4 • the rvMillant intensity 

of the radial ptev,ur«- oil the outside of the uni mint at or uiuh rik-ath a steel 
1 * 




< 


1’to. IKI. Port Mi of min imitator between two shrink-rixigs. 


shrink ring i.c at rad'ns r„. after alt initial hearing and centrifugal ft tresses 
have Itfrn taken into aoeiitit, the intensity of the radial rcft.sure under a 
shrink ring and witlnn the Motors at the radius r f i t, level with the smallest 
working r.ulms of the commutator- is 


• Vt ?4 


*v-%v 

•W - 'i') 


m 


and this calls <*it at the 


saino depth 


<r 


Pr • 


a cireimiferentufl •:d|njire>sive stress 

dir/ 

r» - rJ 

• » 


Now, between a |«ur of ah rink-ring*. although the outward pi!)l from 
centrifugal forte |x:r unit length artotig the sectors Ls Always uniformly distri- 
tinted throughout the spate yog so long a* there is any circumferential com¬ 
pressive sIivj« i r under iHw rings, this stress and the radial pressure coifc* 
s ponding thereto must gradually d«-crane as the centre of the ftpan is 
approached. Tor, the sectors being bowed outwards between the rings, the 
circumferential compressive stress becomes relieved to a greater or levs degree 
depending on the span / t , and ci>wv*pondingly # thc portion of the radial force 
on each sector which i.s dm* to the compressive stress becomes reduced per 
unit length of the span as we approach the centre. Each scqtor between 
the two shrink-ring*. therefore, resembles a beam subjected to a load which 
has its minimum value per unit of length at the ceptro where the deflection 

1 Jour*. I.EM , Vol. 45, p. 140s 4 

1 " Nuts on High-speed Comfnutatmr Construction," bjt C. C. Hawkins, 
EUdr., 26 March, 1915, from whictAhe fallowihg is quoted, 
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jrealcit, and iU maximum value .per unit of length «fth« ends, the devrra*' 
of load being proportion*} to the deflection. , • 

If the load |xr unit length of the beam was reduced to tr«v at the centre, 
the Im# of deflection would be * parabolic curve. Hut when (he machine 
is at work, although ibe urcuinteremial iuiii preserve strev* at the crime- 
of the span tuny beanie icru, (he outward radial four v.uj never tvcuinc 
irro. since there always remains the radial poll from re/'tnlug.il force \*-r unit 
length of a sector It may, however, :i> an aypiovni ration l»c assumed that 
the same parabolic law holds even when the radial <«ite at 1hw.eelitre return* 
value ; the load Jxt i tilt !« nglh is then given l>\ llic law, 

* ' W* # 

where is the minimum load \vi unit length, t i* dist.oup m kuiird from 
the centre of the brain, and K* i\ const Ant. This Ii .kIk s its iiUMnnm 

at (he ends whi-ie .« -■■ ,J. i r. 


V Kly' 

' °W» ; j 


4 


/j being throughout reckoned as the span IvtWh-n ihe <-dgr:» i<{ a pan of 
ud turning rings. 

The maximum deflation 1 of the beam is thru 


1 / S ( Aj'| ! , 

hi \:iM ? ' M,n ! "l.tift *t / ' 


On unit length under a shrink ring ijiv total railed pir-v.ur»- at il»i- radius r 
is ^irr times the initially at that radius. an>l the pi‘>;>ni 1 iou of tins hilling 
on a single vcior is r/ilTi, whrir n-* the tJie °f th< 3 . - 1 -u al I lie rulimr. 

■Jhc maxiiinitii load \* t unit length ul the ends of tl - v i Mr regarded 
as a beam is, there fore. 

■ 11 max ’ '/V 

Similarly, if p r is the inteii-aty ji r squarr iiu.li o| tie mi-d i.ohal fouv at th< 
centre ol the span « 

• *in • *Pt 

.... AV,* 

1 hence, % * *’msr " A/'r f'r‘‘ * _ 

ami the maximum tU flection 1 is 


A « 


l:]l\ }3S4^ 1 WM r/ v /V) i *'*' 


UK X'fit) 


■ V 


• " 4\\R € l t 

The moim-iU of inertia of the taj«erin« soil ion of a tomiimtulor l*ar is 


• , fr - r.) 4 f 4 4 4/f. ! /■ 

* i*'- ;w x . < ( /. 

t t being the minimum thickness on the it^id'v Tins r.i«'in<nt decreases so 
jtpidlv with a reduction of radial <lrplh Inal * i* t -v ntial to lotisider the 
condition when I hr wear is greatest. ( 'IIn; deflection is, tlureforr 

d 4Ut: tr - M* A f -4 4:t t i if 1 

.*• 

1 ITie solution** given hv Mr. K. J. Hubert*. Vx ttt. p. 15.1 (where-, however, 
a bracket*has become misfilaccd in the final result), ayd it need not here br 
repeated. • t 

® By giving (iitoA values to pJp r fnun 0 to 1, the fai;tw 411 ,'U -k A- 3ft 
P ( jp r ) assumed value* fr»j«i 4M to 76'S.evi given in curve 1 of Mr. iloticrtj' 
paper. The letter value is (hat which wt>uJd hold in the imaginary case of 
the bar* remainAig perfectly t^raighl brtwv-n th>- rings and suffering no 
defoi mation wlialcvcr. . * 
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A* fra<ly indicated, pari of the out wad radial force p t when the nucbrOf 
i% at work i» time lo.the uniformly distributed centrifugal force; this portion 
of p c is 


.v x x io 


lb. 


P f *- 45 5 (r» 

where S' -* revs. per fliiii, 'Hie ft ruaipder is the outward push of the sector* 
due to the circumferential i^mprevuve stress s ff at th«- centre of the *[>ur., 
ami is . ' 


. . ?* ■ 

In inch and lb. units, therefore, 

Pr PJ } A* 


ASS V»(r« - r t *t 


to 


P* 


lo(>g UN ihi'U is ally compressive stress i f at the lehtrc, titr uiilu must 
have thr-r* (oiitradi’il by the amount 

tC . *ti< 


(k -k) (■■->■)■ 


where and l\ M are (hr moduli of elailn.itv of tint copper and mink r<" 
njirifivriy, and lof w I'tiv-oifa ratio. 'J'lu- in.iaiiM< y in the assumption 
Hut the hitter ratio is tin- same for inn a as for a metal mav I*’ heir ignored, 
l Jie contraction of tin* (trial inference implies a r» dm turn m tin radius to the 
amount J^Jrr of tin* rontr.i'iion, and Ihis is equivalent *o a dHlei.lioii of the 

sector d, !lh compared with its straight and iih-dressi-d loiiditmn ulnn lopjier 
and nmanrr in close iniitmt, but without ain i'impression. 

Now. tin* basis of the previous antunit is th.it s, still retains >i»jiir value, 
and the reduction m tin radius of the commutator at the leu* <• id the span 
is 111 us 

. . I /tt: mC 

•'< siHC' 1 ' 


£) 

£(Sc+EMZ'J?-i) # 


m 


If the coimmil.it»*r sectors wen- tmwed outward. by this amount. at lhr centre 
they would reach the onumal Mate of elose contact without compression. 
The mini d f il, mint therefore he equal to the reduction in radius beneath 
the shrink riutfs as effected by the actual conditions of stress under all the 
forces at that sjibl as iimpured with the miti.ll unstressed comb turn. Tli.it is 

d | (5, u dj, 

or ’ A .”i - tJ,, , 

The reduction in radius under the di (ink-tings is ^ 

I / iC .. mb' 


. I / IC■ mt \ /r 1 f f,’ I \ 


M) 


Hence, finally, 
S«^ r b 4 

- ry 


t b f. 


/• f 4«, V X lt ‘ » 

1 /#C mC\/« b rS tv 


PJ 


,pf -b 4 mpr ±pfi 
.>'“>/ 


* *M, 

t ■ + 4#, + 

* 


■«(•+.? ZtM 


f91) 
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Hy iiuntuii the nlun of f>/ and of the known ol the 


commutator, the value of p M i* found, and thence the value of s t ^ p a 


r* -f rJ 


Or, by assuming s f — »ay. 1 000 lb |H v r square Im'lf. the permissible length 
of span /, ran he found, and the mindier u! ring* C4U be determined for the 
given total length of commutator ami joint width t<f tile rings, The r.idiftl 
depth id the commutator lumt 1 >e known nrassumed in either caw, since upon 
this will at>u drjaud tin- value of the Centrifugal forte jvr njid length id thr 
.seclor. 

It will be seep that when the mac-hiuv is at lost the radial font* j**r square 
null of surface at the centre can nAy with a finite length «d span iw to equal¬ 
ity with ami that the sectors must lie lownl initw ii^ls If the speed 
nww to such an amount tlut the Motors al the centre of the span reach their 
initial radius when unstressed— i c. if b - <\^ tJu'je is no tompiivuvr? hires* 
k-ft at the centre, and rt, is aero. An men ase of sjeed aUive this would lead 
to the Keeton* opening out Mile ways, And the compressive slirw under the 
shrink nngs would rapidly disappear towards iho iviitfi , the >ei to:*\^«J<l 
then have a urnformlv distributed load on u over a (trlain ijoition id its 
length at the centre ol the span, and to lhi» condition the paint**hc equation 
Uo longer applies. 

The I lending moment on the sector as a l*-ant of span / t Ivliurii llie rings is 




► V * * 


Tin- is a maximum at the centre, ivl 


V 

r*N ^ , 


V 


II M » 


1 M! 

^ , and is there 

W,'d ‘W 


4H 


Taking the modulus Z as ir 
A the c.op|#r t< 


the la uding sU. , *s mi tin- outer edge 


Wr 
. H (r 


Vr> 

%»* 


I * 1 


When the com mn la Tor of $ iff haw Ixvn wcun down 1 
a length of ll^ni., the total i entrifugal for ms is 
I'if •.* 175 .< 1500*|6 x iS>» d'l + id 
307, 7WJ Fb., 

and 

J V . 3U7.700 , 

'ItJO t* x »k 
In these (.ircifm* Acmes 


jn hi depth over 
rt*Jl x in¬ 


ti 


|*er sr| m. 


s t 1 ( 1.01 W r 


l i ff* -i- (H90 >: 20 0 -4 *,!.4n0 / T2H\ v In 


(■*< t 
• &■« |d 570 ll>. per sq. inch. 
Thcnec • ♦ 


7-2Hj 


Hi- 


r. - [i, - 1,) ~ (I6.57U - iciK* / «-3«* 


and 


V + v 

3.800 ib» per sq. m., 


P. - (r, - r «3»o - m ®'J,- - V» »• i>t h i 


At tlie^rAdius*©! 8 in., by equation (R8) 
p, «■* X '.«»•!*■ - S‘)\ ' ««•’ 


III, 
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2 W lb. j^-r sq. in. 
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By equation (01) 

2,325 + 4'M />.’■' 1.0*2 I 
(8 - 6) 1 , * 0-75 


whence 

4 

Finally, llirr»:furr. 


* /», t 908. 


t* * 


■’. ■■• /', • ', ' - w# * tJ® »• l-r 4 in. 

whic.H i 1 ! <»n the- s.ife * * % * 

It ih fit mtrrrst tu w-rwlifft art then (hr .iihi-d U.fUamn v lly c-cj nation (90) 

6 g ^n-omin. 

and c‘f|iiaki<iii, (80) * 

4 /> 90S 

• i\ X *-* - U nm X - U 005‘J III. 


h<» that «1 • - (I, IMJI.WJ in. I# tin: sji:i« is mru-usi-d tu II in. there is 

H«j <<>fii|»r»v«-*iV<« sln-v, |»-ft at tin- untie. s<> ill.if 1 1 \«» steel-ring* r.i tin.* samn 
total width would U- rnlirely impra< tuable. 

• • 4 

i 30. limitation o! commutator sectors, etc. For ihe insulation 
IikIwivii the separate serturs of the cumnmt.ituir up tu 8 inches 
Jontf is now almost universally useM in plates about ^.Ih to 
jj'ath <»f an inch thick (0*025" tu (MM0* ; 1 cubic inch weighs /„th 
of a |Miim*i) ( anil these plates should project through aj the inner 
etui an<l between llie lugs by some Tin* difference of potential 
between neighbouring sectors may be jpiudl, inasmuch as it K only 
the potential generated wit bin the limits of one section of the winding. 
When,J^nvover, llie sectors pass under ihc brushes, *-p,wking is liable 
to occur, anil a small arc is formed which Fridges the involution. 
Under tliis action almost every insulating substance, except mica, 
is apt lo i bar anil become conductive, and even with mica, if the 
thickness be less than 4 ' 0 lh of an inch, small particles of copper 
may occasionally bridge across adjoining sector*, 4 .In machines 
giving over 1,<KX) volts the thickness may be increased to 5 ’,,th of 
an inch (0 050"). Mica can be easily split into flat plates of very 
uniform thickness, and in commutators greeji or black-spot ted 
mica is largely employed, Jt is extremely important, especially 
with carbon brushes, tliat*the rateof wear of the mica should be th* 
same as that of the copper sectors J it should therefore bo s]>ctia]ly 
soft, as in the amber and soft green kinds, even Indian mica being 
almost too hard. To avoid "Viigh micas#* due to greater wear of 
the cop|>cr and consequent spunking, the npea is often gouged out 
or milled down s l j 'or 4 V,* below tly> level of the sectors—an operation 
that, requires to bo rivaled at intervals. 1 P^itcs more than 8 to 
10 inches long occur in natur* with suth comparative rarity that 
• * * 

1 For hints on recessing commatutors, n*c k. MurgatrojTd. " Mica and 
Commutation Trow Wes,** iiVrtlr., V#il. 79. p, 545. 
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their price is prohibitive, and it becomes an*economical necessjlv 
to employ either built-up plates or the artificial /onus, niic.mite 1 
and megomit. When the latter are used (or commutators, soft 
mica must lx* chosen for the component material, and there must 
be no tendemy, for the cement tp ooze out when the material 
becomes 1 km ted ; hence powerful pressurq is employed in order 
to remove all excess of cement during’the tvoccss oj manufacture. 
The latter cniuhtion«applies with equal force to embring* and 
deeves rnadetkf rntcamte or uwgomii, add when they are used it is 
ad visible, after the comnnitafor lias lx-eti assembled, to heat it 
to a temperature of about *150* to 2ut>® J'. ip a stove or by means of 
gas jots, and when at this high temperature.to compiess the whole 
structure by tightening up the fastening screws or bolts, at th<* sitne 
time carefully hammering the sectors so as to bi'd them \ve1l«4nV> 
the miranite until a compact and solid in.iv. results. The taper 
end-rings are preferably not formed of two cones or of a coned ring 
and thd band cemented together, but are made in one piece by bend¬ 
ing small strips of mica round at a starp angle or bv squeefing a 
sheet when hot in a mould. Thorough union between tin* insulating 
end-rings and ijie cylindrical sleeve must be ensured by allowing 
the latter to project slightly so thaj tin* one edge is crushed into 
the other. In machines for 2SO volts and ujevanl. the end-rings 
should project outwards beyond tlic edges of the ststors to prevent 
sparking to lint metal case, and on the ledge of some J*tn J” width 
may be wound a layer of string to prevent flaking *a way of the 
mica (Figs. 184 and 185}, * The thickness of the insulation of the 
end-rings aqd on the body of Ihc sleeve should rise? fmji^tMKi' for 
100 volts an«l <M* by 25() volts up to 0-125' for 500 and tl*15 # for 
1,000 volts. In closed-circuit armatures the maximum volts per 
commutator sector, must not exceed, yy, 40 In -15 ; otherwise 
an arc rnay be established between two adjacent sudors and short- 
circuit the binding between them. Kxccpt, h<ftvevcr, in high- 
voltage machines or high-speed turlnr-dyntrims, the average volt*, 
per sector or 2 fi. V h (C seldom exceed 20 volts, since fur other 
rcaJrms the number of turns p<jr sector inu.-»l l»e bruited, A large 
number ot sector^ implies a large? diameter of commutator unless 
# their width be very small, and mechanical considerations require 
that their u-ktyh should not he lejs than f 1 ,/ at the top, tapering 
downwards say to at the bottom. Even Ihen the top of the 
” sector cannot bo sawn^to receive Jhc tug, so that the latter must 
be riveted o»v to a flat recess miljed against the side of cadi sector, 
or it becomes necessity to increase the depth M the sector until it 
njeasures 0*190' at the top, aftd*pe r ?i a P* to 4urn it down along the 
brush working surface. ,In any case the top of the commfttalor 
lugs should fall slightly below Jhc At'cl of the armature surface. 

After it fia* been btnlt up tA insulation of the commutator is 
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tested with a high alternating difference of potential, all the sectors 
being temporarily thrown into contact by binding a wire round their 
exterior. It is then pressed on to its seating on the shaft either 
before the armature bars are inserted into the slots in a bar-wound 
armature or after the coils are iq^place, and in wdcf to complete the 
armature winding it on*y remains to connect up each of the sectors 
by soldering to the 1«ki|in or f oils, junctions Wing made between the 
end of one section and the beginning of the rext in succession. If 
the armature wires are brought down inimediately uU> the com¬ 
mutator sectors, the soldering may be effected in one process by 
dipping the armature critically into an annular vessel containing 
solder, and allowing the sohler, melted by a gas jet, to soak into the 
junctions ; but such a process is only {possible with small armatures, 
Xlftfrdetrr.rt* from the neat appearance of the wires near to the 
commutator unless these are snWquently bound over with a 
string or other band. 

Die smface of the commutator is turned true after it is in place on 
the armature shaft. With carbon brushis, in order t« secure the 
perfect smoothness so essential to flair successful use, the commu¬ 
tator should be ground while slowly revolving by a small rapidly 
driven emery wheel. 

It is evident that the commutator, striking generally, introduces 
many difficulties, inecfiame.il and electrical, and on this account it 
becomes practically impossible to build closed-circuit armatures to 
give more th in 4.INK) or at the outside 5.000 volts. A limitation is 
thereby set to their employment for the‘transmission of energy over 
very great distances (unless a number are placed in serjes, Chapter 
XXHI/$2),aml for this purpose especially the continuous-current 
dynamo must yield place to the alternator. 

| 31. Binding keyi and binding wire. - When the winding of 
the armature is completed the next step is to secure the active 
conductors ami their cnd-connectors in place ; in or 1?r (o counteract 
the tendency for the active wires to be thrown outwards from the 
core by centrifugal force, they are firmly held either by wooden 
keys or wedgei (beech wood or hornbeam, boiled in pa ratlin wai*. or 
linseed oil) driven into sloping groove* at Ihc toj>s of the 
slots (Figs. 150 and 151) or by bands of binding wire wound 
circumfeaenthilly round the armature. 

The former are the more commonly used, especially on large 
armatures 4 ft. or more in dianjeter, whenj even with steel wire 
it becomes difficult to secure sufficient strength ami $lsd grip upon 
the armature. The keys have tne disadvantage of increasing the 
inductance of the armature coils hnd of partially obstructing the 
radiation of heat from the conductors ; but on tfie other hand, their 
use lessens the eddy-currents iq'solicj massive bars, since the Litter 
are buried deeper within the slot 9 where there is less variation of 
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the flux-density. A hornbeam Vedge J # thick»with sides making 
an angle of 70* with its ba?e ant! 0*470* wide at the top lut* a breaking 
strength of about 550 lb. per inch of length ; above this the edges 
are sjtfit off, and the remainder forced out. lint if the grain runs 
transversely across the slot, its limiting strength is raised to 1.2(10 
lb. per inch length, above whirls it yields hyi* ruling of the fibres 
into curved bows across the slot. If ,]/ thick with slo^ 0-W0 wide, 
and an angle of 60°, tluvfigwes liecome 500 and 1.000 reflectively 
A hard black fibre wedge of the same mJv has its edges stieared 
off at 3,600 lb. per inch lvngtlt, am! is therefore .considerably 
stronger. The air-duct spares should n^t riot'd by the keys 
more than is necessary. With very high iunphetal s]Hs ds, as in 
field-magm-l rotors diiven by stean>hu lanes, nn-lal key* are jho 
used of bronze, in order to obtain the necessary siienglh. * * * 

Considering, first, tho centrifugal force within the Imiifs of the 
armature core, h-t a r- tho cross-sect it >na I area of an active con¬ 
ductor*)! right angles to its length in square inches, and ]< t ; the 
number of conductors p r sled ; the tula) aira of topper in the 
conrluctors in a slot in a plane ]>oj pendimlar to the axis • »f rotation 
is tlius za t and faking any distance / inches along the at mature core, 
the cubic inches of copper per slot in ’lie contrived length is zal. 
The corri'Sjxmdmg weight in lb., allowing a link- ha ihc height of 
the insulation surrounding the net cro>s-se<tion o! nipper, i> 0*33 
:al r and by% 5 Ihe centrifugal force jxt slot along the length l is 

1 

)]>,, where A > Tfl k the mean 

radius to the centre of the sbu in fe<t ; or if <f ■ Ihe rom^poiphug 
diameter in inches X 12, it i< 

= 15 z*t . / . rrd\ * )(♦'* |h. jier dot , , (92) 

The materials used for binding win- an* phosphor hron/mr sjlir imn 
bronze, hard brasv Eureka wire, and steel, ihe requirements licing 
great tensile strength with but little expansion under Ihe heal of 
the soldering iron. On the annatme core the wire should 1>e non- 
magnetic ; and lastly, m the case c*f toothed aii dures it jsof great 
importance in order 1o avoid eddy <rti lent s due It* the variation of 
the flnx-densitv opposite to teeth amt sUts respectively that it 
should possess Jijph electrical resistivity. The ultimate breaking 
strengths of brass and phosphor bronze wires are about 70,000 
and 90,000 1b. per square inch respectively, hut they arc good 
conductors, ahd jre therefore not sn^suitable for toothed armatures 
as Eureka»and steel wirt*;. The breaking strength of Eureka wire 
is about 75,0(X) lb. per square indh, and its resistance per 1,000 
feet and per square ifleh of ^rea is 0*237 ohm, or 29 times that*of 
copper. It is therefore suitable Jor sjjiaJl machines, but fqr larger 
armatures amT in all eases of Jiigh Stress preference must be given 


W %fl iKU:a.t/'2nX\\ 

7 m r ’ 
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to steel, of which Ah* ultimate breaking strength is 200,000, and 
may even re§ch to 300,000 lb. pef square inch. On the core, 
instead of ordinary pianoforte wire must be substituted special 
non*magnciic steel alloys, which can be obtained with a breaking 
strength of 200,000 lb. per square inch, and with a high resistance 
of 0*386 ohm per J.000 feet and pr*r square inch of area, or 40 times 
that of topper. In order io render it easy to solder and to prevent 
rusting, the sled wire should be nickel-plated. In all cases the 
stretching must be inappreciable if he wires are net to work loose, 
so that a larft* far tor of safety of a\ least 8 is necessary in calculating 
the permissible tensile jjtress, especially seeing that the initial 
tension under which the wire is put on adds an indeterminate 
amount to l he stress. 


The diameter of the wire varies from 
”«fv 0 0211' (No. 25 S.W.G.) for small arum- 
turos, to 0*056* (No. 17 S.W.G.) in 



largo armatures. A band of thin tape 
covered with strips of thin mica slightly 
wider than tin; wires is fastened round 
the armature, and on this the wire is 
a wound under considerable tension to 
form a belt about j' to 1J'wide. If 
wider, eddy-currents are liable to 
cause heating of the 'oamis. At 
intervals of about 8 io 10 inches along 
the* circumferential length of the band 
arc placed small si lips of sheet copper 
about J* wide ; after the band has 
been wound on'over these, the ends of 
the strips arc turned over to form clips 
round the ware, and the whole is 


soldered together (h*ig. 194). Such bands will Unplaced at intervals 
of about 3* along the entire length of the armature ^*j». lug, 198). 

If we take No. 19 S.W.G. ( 0*042') and allow 0*026' for the 

mica cm its tape backing, and 2 x 0-006' = 0 012' for the*folded 
copper strip, a total addition«of 0*06' is madl? to the radius of the 
armature by the binding \*irr\ and the mechanical clearance must 
be reckoned from this over-alt v^dius. In some cases, when fhe 
core of a toothed armature is being built up, batches of discs of 
slightly smaller diameter ye interposed at intervals along the 
length ; by this means shallow grooves are formed round the 
periphery just de^p enough toVcceive the*binding wire, «o that the 
finished surface beqpmes prat tit ally flush. 

•The total centrifugal force of the conductor^summed up all round 
the core for S slots is # * 

F 6 = 15Z .«<MW *10“’lb.* - 
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and per unit angle in circular measure is 

► • 

p 

• ***■« 1 d \ ?l * } *’ lh • * 


wliirla is by § 5 equal to the tension acting across the single action of 
the binding wires in the length /. If the fro*-sect ion of tin- binding- 
“ffd* 

wires in the length l be ab ^ . x, whcr«! x is the t mm her t»f wires 

each of diameler 6, the stress on the material is ~ J, and this mast 

s * t af) 

be %f t where f t is the safe |H;rniis>iblt; limit id tensile stress with 
the particular mule) hi employed.* Theiieo x imii be dclctmiiU'd, 
and the requisite w ires must be distributer! among a \rtit uhlt-Jimubcir 
of band-* approximately equally spaced. % 

At the ends of the ban el-wound armature the slanting direction 
of the end-con no. tors implies that the m.is> id mpix-r pet unit of 
axial length is greater than along throne ; a tian-Mi^ 1 section 
across the end-ionneclors in a plane at right angles lo the axis cuts 


through /. . a . 


Vm* /* 
* * 


square inches of copper, w licit- the 


half-pitch at the mean circumference in the iintie of a slut, and 
/ i> the axi^l length of the sloping |x>riion of the cnd-Conm-ciions, 
as in § 22. Jt is therefore only necessary in the above erpiation 


fur the atttrifiig.il ftcrc to dhhstitule a . 


Vw, 2 \ r- • 

I-h u it. 

I 


In luot!ie»> arm.iluies of low peripheral sjurd and ^h<*if k ngth, 
the barslxing tightly hedged in the slot*, and hugely held by friction, 
hands anil ke ys on the core may often he omitted, only the end- 
connectors requiring to I* held bv bnnitt At the ends of barrel 
armatures iroq supposing rings c an be cast on the Jjub ujion whhli 
the end bum!* may lumly cumprcv, the bars (< p lugs. 123 and 131), 
and in general, so far :ts sifcty p-nnils, the bauds should he wound 1 
rmtsjjlc the limits of the pole-pieces, so as to reduce the eddy- 
current $ in them. iBeyonjl the pojg-faces thin bands of solid steel 
about 1J inches wide may alternati^-ly Jn: employed , these are 
Mstened by a junction drawn together by a right- and Ht-handed 
screw (Fig. 181/, or by a cot ter/so fliat they tan be easily removed 
and replaced in the case of repairs being necessary to the winding. 
Tlie junctif^i pieces must be arranged so as to balancer one another 
on the armatutc. Or .wire band.* made up in segments fastened 
together by coned pins may be used, which can be taken off and, 
replaced when occasion requires. * 

With very high peripheral speeds, as in machines driven by 
steam turbines, the retention tiff he mass of the end-windings in 
place is in practice a serious problem and rails for special means. 
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Involute end-connectors have been employed 1 , and end bells of 
rolled phosphor-bronze, manganese bronze or nickel-steel *, firmly 
damping down the end-windings and reducing the risk of their 
shifting with consequent loss of balance. The mechanical strength 
of the end cylinder* Jhen fixes thp maximum permissible speed of 
continuous-current dynamos. 3 If l'\ and i' t are the total centrifugal 
forces of tin* retaining cylinder and of t^ie cop|*r end-winding. 


the stress in the cylinder is 1 ^ * where ah is the cross-section 

rt X uiu 

of one side. Taking, 23.CKMI Ih. frr square inch as the ultimate 
tensile strength of good gun-metal or bronze, and 3.850 lb. as the 
safe working stress, tin* cylinder of gun-metal cannot itself be safely 
nYMii;' higher txripliernl speed than alwmt 10.850 find per minute, 


and whell the additional load of the uid-eoniin tmns is also thrown 


on this must be largely minced to 7,000 or 8,1)00 feet per minute, 
according to the depth of <opj>er. With phosphor and manganese 
bronze of ultimate strength of 50,000 to 60.000 lb. |ht square inch, 
amf elastic limit 30,000 lb., if fMNJO lb. per square inch lie allowed 
as the safe working sttrv*. tjie maximum safe speed of the cylinder 
alone is not more than about 10,500 feet per minute, and for higher 
shreds, irtckrl steel of 50,1)0(1 ll>. \m square inch elastic limit must 
he employed, i he maximum peripheral sjvid of the conlmuous- 
curtenl turbo-dynamo, with its projecting end-windings cannot 
therefore It set much higher than about 18.750 feet |** p r minute 
ih given by* r.ff.,an armature of 32*diameter revolving at 2,000 revs, 
per minute. 

| 32. Insulation resistance of armature. - After the coils have 
been pressed into (In n final positions hut before they are soldered 
to the commulatoi 4 , their insulation to " earth.*’ » x. to the iron core, 
is tested with a high pressure, and again after the completion and 
drying of the winding, the finished armature is subjected to a final 
test for insulation resistance between the winding and commutator 
as a whole and the iron core. A high insulation resistance of many 
megohms is not required, but a capability to withstand a high 
voltage without the insulation Hieing punctured. In all cases when 
any fibrous material is *m}Mnyed in the insulation of any part ^>t 
the electrical circuit of a dynamo*absorbed moisture will lower its 
insulation resistance, which may then be much improved by baking 
in a drying stove ; the resistance will, however, once again fall* 
when the dynamo is exposed to a damp atmosphere. ‘'The surface 
tcakuge is in csjiycial entirely dependent - upon the state of the 

1 See Miles Walker, Specification and Design cj Dyntjino^teitric Machinery, 
pp «32- 7. 

1 A. G. Kills, ** Strain Turl'ino Dynamos. A Journ. /.t.l:., Vo). 37, p, 321. 

* Dr. K. I\»tU. Joutn. I.E.E.. Voi 4U. p, 240. 

* For a im*thiHf of testing Ihr ronnectiAiw When the coils arc coupled to 
the cofnmuiAtor, cp. <V Steely ftfr. «fK/fiYr., v<»l. 9. tv 875 
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armature, brush gear, and ol thfc exposed ends *>{ the commutator. 
Prolonged baking at high temperatures only ages jhc insulating 
material prematurely, and a very high resistance of many megohms 
thus obtained may be easily broken down by a high voltage, while 
a comparatively low resistance may be perfectly sound to ivdst 
puncture. Surface moisture deposited Jiy ogidcnsation from Ihr 
air, as at night when the machinery is standing and a rapid f.ill of 
temperature occurs, is casually quite harmless although when new 
machinery is started up for the tiist tinto after erection ft may 
require a moderate amount of tftying out if the village is high. 
It is evident, then, that a high-uuhage py naming h^t js tar more 
valuable than any measurement of the actual insulation resistance. 
Under a difference of jxiteutial prop* rtio tied to its u Hiking pressure 
tlic insulation must not give way, even when w.nm/ fjniv if "the* 
armature is to give 100 volts, it should In- te-ird when harm by 
the application of an alternating difference oj pit chin) of J,200 
K.M.S, volts Mwoen winding and shaft ; m if iis woiKing piossur*- 
is SOU volts, by the application of 2,000 lf.M.S. volts for one minute. 
It must be borne in mind that not only dors finally nat mg difference 
of potential heat the dielectric mole than an equivalent lotiNimnus 
{Hjtenti.il, but from the shajv of the jdtcin.iiing K M.l\ nuve its 
maximum is about 11 limes its virtual value ; 1? nee miMi a test 
must not be pushed to such an exit erne .is to weaken |m maiiently 
the insnlaliotr al some internal spot. 'I he time of appiii at ion should 
not exceed one minute, to avoid local heating ol tin? dielectric and 
breakdown at the ovurheate<^s|H.t, In all casc*s the pressure must 
be gradually raised to the required value to avoid abrupt distharge 
lwtween contiguous parts of the elvelric circuit. 1 'Ihe factor of 
safety as compared witfi the lest piv-siitr and us compared with the 
working pressure should be particularly distinguished, J Inis while 
a machine for 500 volts would be tested wifli 2.000 K.M.S. volts, «r 
4 times its woikiug \oitage, ihe pressure applied to«i machine for 
very high voltages will not greatly ex« eeiI twice its wniking voltage, 
and its resultant factor of safety is therefore? less. 

frlftn a machine is fust run and healed up. it 1 insulation resist am e 
falls much lielow it * value "when cuM, and this | lien«mn no» is no 
dqubt due to the initial action id the hr;A gunciatrd in all 1 Jit? interior 
parts of the winding, by wh'ch tjie moisture present in the cotton 
covering is driven out of the fine capillaries In form conducting 
•passages for a leakage current. Aftgr a few runs the resistance 
steadily impfnv^s, and m a dynamo in regular work readies a very 
high final value. When ft he high pressure test is applied, the British 

1 £ec especially llritish Sian dank sat tun ttvict for lilts it teal Machinery, ♦ 
No. 72, Kfport of Hritftti llnpnMTing Standard* OaiiTmtUc* fttonliy link 
wood A. Son), wherr a standard t<*st procure r>f I.IJOU volt* plut twit* ttw* 
rated pressure of the machine is J»peci^<*d, *Jul Mib-s Walker, Specification and 
Design of DyMamo^Ucinc fttehntry, 187-JW. 
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CHAPTER Kill 


.Standardisation Rules call for an insulation resistance in megohms 

rated pressure in volts 
not less than r-;“ w : . . , • .• „,/*■ 

1,000 -f rated output in KVA 

Even in targe dynamos and when new, the insulation resistance 
of the entire machine should never be less than one megohm. 

f 83. General. —Equalizing connections in multipolar machines 
are conveniently attached at tile hack end of the armature where 
they are easily arrevdfolr, as in Figs. 195 i*n*| 198. Thin strips of 



hl.S ]<;<|ualm:>tf toiim-tUon* at ml of drum armature. 


copper are soldered to the ends of the bars and tootle of a number 
of insulated rings held in clamps of wood or ebonite.’ The section 
of each equalizing connection should be such that its resistance is 
less than the contact resistance of two sets of brushes, so that it 
may effectually abstract any‘equalizing current from ihc path 
through the brushes. Eq«aliiing connections are also often arrange 
at the front end of the armature. being attached cither to the bars 
close to the commutator or to the commutator sectors themselves, 
in which rase they can be cawied on an,extension from the com¬ 
mutator at the back, and are built up thereon so as to be removable 
with the commutator. 

In conclusion, there is added m Fig. 197 a view of an armature 
winding shop with its winding stands carrying a number of toothed 
armature^ in various stages cl construction, and finally in Figs. 
198-201 are given sectional drawings illustrating’ different kinds 
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of armatures. The first of tfiese is a coil-wound immature with 
core 1{F diameter X ft* long for a 4-polc field, and the second a 
barrel-Vound bar armature 21' diameter X Il'Jong, -I layei* (Hi 



i Elcctnc Company. 15.SA} 

. 

slot with*commutator in place ; the latter has a cast-iron hub 
while in Fig. 200, which shows a ortnplete 4-pole machine in section, . 
the’discs are again Keyed directly to the sha/t. Fig. 201 shows a 
toothed armature 25}' diameter X* 10' core-length for a 6-polc 
field with involute end^congecfoili formed of bent copfhjr strip, 
and with wooden fixing yedges , • 






Fit;. 197.*-'-Armature wixitiuif' shop. 
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| 84 Magnetic huppi ng trf tootfaad irmitar®*— If the width 
of opening of the islols of a toothed armature is*great' as compared 



with the length of air-gajf and tht? air-gap density is strong, the 
rapid change*in,the density of thcjhifcs between the trailing edge of 
one tooth and the leading edge of 1 ho next as each slot emerges from 





*lhe ^uotli and polo-tHlJe. which in turn imparts mechanical vibration 
to the air, whence a musical humming* noise results of frequency 
proportional to the number ofSlt|‘s^nd the revolutions per minute. 
That the sound is to be attributed equally to the vibration of the 
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teeth and to the vibration ofithe pole-edge is probable from the 
observed fact that it is more*prominent when the teeth are narrow * 
at the root and comparatively weak, and also Ynore'nuukcd with 
laminated than with solid pole-shoes. p 

In order to obtain the most economical design of machine it is 



desirable to employ as strong a fit'll a> jx^ssible, so tJial in tases 
* where the musical hum n£the toothed machine may hr objec tionable 
special carc'mi^st be taken in its design to prevent or reduce it bv 
eliminating the causes which it is due. Particular relations of 
the polar arc to the toothed pitHi have bepn suggested for this# 
purpose, 1 but have hot in Jhc experience of the writer proved their 

1 As by Fischrr-Hinncn ; «*.> Ci| W tiorr^l, ** Magnetic OwsHation* in 
Alternators." Jo urn I Hf:% 40, f 4H. 


Fig 200.— Sectional elevation ar.d plan of 4-^lt continuous-current dynamo 
• with armature 21 in. diameter 11 sn. corc-icrrth. 







Flo. '^r Dittni armature 'J5$ in. diameter X 10 m. ionp. wrilh involute end connectors at one end. 
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usefulness, the difficulty is c t fiat there is in‘reality no definite 
boundary 7 or line of demarcation of the field, so t|uit jn practice no 
hard-<ytd-fast relation of polar arc to tooth-pitch the desired 

end ol noiselessnevi even when I he |H»le-iijK have rounded corners. 
All lh.it can be dope is to secure tha^ there is no abrupt change of 
ilie conditions as the teeth leave the pole-vdge by shading "If the 
field to zein in ,o nearly a i ontmumis marine! as ]H<Nsd>^> The hole* 
of the Jiole-Kues should <ht-refoie be rhamfcml olf until the ail-gap 
is very small af the centre and gradually i«j>r»s mu to the edges, 
so that the hinge hues diminishesas yearly a> may Iu at a umlonn 
vale. The best result is obtained by b>^mg the poles to a larger 
radius and afterwards bringing them inwards. but a practical 
compromise i«, given by a careful duping ol the edges m tin indjing 
machine, so that the uuved suilace paws gel illy into a stiah;ht 
line, and the leipusile cli\ii\ui«e is obtained at Ibe tips. 

The width «»f the MiU also plays an unpoiiant pan, **i that in 
genet a l the width of tin- opening should not «Acted }\ Whin il 
i% necessary to eliminate entirely tills ijijei Jioiubb leaf me of the 
toothed nun hiiie rl i> best to employ ball i hwd dol', all hough i ate 
must be taken th.ij the iltdm tance of I lie sfmiM imuted rolls is not 
thereby in< leased loti mndit Anoiln ijiirihod «f heating the sjinc 
difficulty i oiidsl s m making the pule > dg< -s d.inl ai r -•* I he fuinalllte 
tore, so th.g they ale t>n longer patallel 1 *• I hr axis oj the s|i>ts ; 
but, in the • a-r of laiiiinaled ptle shoes, tilts ri<< i-ssiUtes the building 
lip oj the Tmilli.iti«-li^ in small packets about Hi ili< !i Win k which 
aie gradually stepped in relation to one atioi)n i, and this a^aui 
leave*, the tip* -onietthal weuklv suppoilt d :*Ul' r the n\el- |> < aimot 
pass till oiigli the W Im *le n - |t«n* Iteai Icilhnil^s K f joldsi limidt lias 
obtained saiisfavi«<i\ results by laving a ihm strip ol sheei iron 
U S to I mm. till' k. with a thm shi rt ft papcJ nndei II and bent nvi 
its sides, ai< ng the mouth of the sba. 1 

5 35. Electric resistance of armature. The tabulation «»f the 

c/cr fruul W an arwaiurt' fi"in biu-.fi to brush is made as 


foljnvvs T'loin the dimensions of ih« con-, (he length of one arrive 
conchfdor and - f one comic* inr «ht»li it • joint d to the m-xt 
Conductor in series - an be estimated fser $ 22) I. t / be this length 
itfc>oriie unit, and let ot the resisi.ithr of unit length »4 copper 
wire of the given sectional urea ; 4hcn the entire h-ngili <*1 conductor 
with which the armature o wound is / / i, where / i> the total 
munlH-i «f active conductor*, and iu resistant e if cxlr-ndcd out in 
scries is X X / >i o. Since ihv argali ire is divided into q parallel 
circuits, the resistance of each circuit is ZUn y, and the resistance 
of q such circuits in j>»ra1M is 

. . . (94, 

* , * i r » 

» E.T.Z., V«l. 2». P 11 Ml. fifftrf.tM V..I. HU. y «34 i p a)*>> Mile* 
Walker, The Dta^nottnz oj Ttoubfei iv hlrttrUiU M-Jcfitnrf, pp. 1 St —I, 

14--(SOW) 9 
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Thus in the simple bipolar or simplex wave-wound multipolar 
machine the resistance of the armature is one-fourth of the resistance 
of the total length of wire if in scries ; and in the multipolar Lap- 
armature, unless multiplex wound, q “ P, the number of poles. 
/ x / x tn 


and - - 


I” 


f 36. Peripheral speed of armature, — A high peripheral speed is 
to some extent desirable, as reducing the size and weight of a 
machine for a given output, but it must be limited by considerations 
of mechanical strength and durability, and therefore its permissible 
value dejiends largely on tlic method on which the armature is built 
up. Hut apart from tin- question of the mechanical strength of the 
/otating j^ortion, its perfect balancing is of almost equal importance ; 
with high sjK'rds, even a comparatively light armature, unless 
accurately balanced, will set up surli excessive vibration throughout 
the whole machine as will in the etui considerably shorten its life. 
Moderately higli-sjHrd armatures are usually balancer! on knife 
edges Indore leaving tJ,o workshop, and a little material is added as 
by wilder or by a lead plug to whichever side is lighter, lint even 
this only secures a statical balance when at rtst, and does not 
necessarily imply balance under rotation unless the addition is 
made in the correc t plane at right angles to the axis of rotation 
exactly opjxisite to the |N>inl of excels weight. To attain a running 
balance, each component of a highspeed machine, i.t. hub, discs, 
core with and without coils, commutator, should In? balanced 
separately, and finally tin; complete rotor should bo spun either 
vertically or horizontally in suspended hearings dee to move 
laterally. 1 

With the ordinary slotted drum armature driven by belt a 
peripheral speed of about ft.iNM) feet per. minute is common. In 
large continuous-current machines coupled directly to steam engines 
the peripheral sliced reaches 5,250.feet per minute. When coupled 
to a large water turbine, a speed of 7,500 feet per minute has been 
reached in a continuous-current generator, and in turbo-dynamos 
coupled directly to steam turbines periphera’ speeds as high as 
10,000 feet per minute are f pund, but in all such cases only when 
the best materials and most careful construction are employed. 
A limit is set to the ail vantage of high speeds by the great increase 
in the eddy-current loss thence resulting, by the difficulty of securing 
sparkles* commutation, and by the increased cost to manufacture, 

f 37. Ratio of length to diameter of mtmton*.— The relative 
proportion of the length L to the diameter D of armature cores 

1 See EUctriral Enginttr, Vol. 3S, op. 866 A and 899 A, and also W. Moult, 
*' Direct‘Current Turbo-Generator^/ Jouth, F.E.E., Vol. <0, p, 635; " Steam 
Turbine* mul Turbo-Generators " |W J. A. London), Journ f.A'E,, Vol. 35, 
p. 193 ; H. Holiwrwth, Vol. 28, p. 219 ; and | 10 ot the present chapter, 
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depend* on the type of magnet and on the nftmber of pole*, and 
in each type considerable variation* are pqpui*siblc without 
transgressing the limits fixed by mechanical or economical 
considerations. 

In bipolar drums the length is usually considerably more 1 bn the 
diameter, but in multipolar machines the eco.iomica) ratio of polar 
arc to length of core remains nearly a constant, with values from 
1 to 1*4, so that the rdio of length to diann-tii rapidly decreases 
as the number of poles is inertused. Six- Chapter XV, § 17. 

| 38. TUrfUl depth of armature core, -Since the total flux which 
enters the armature from any one pole#or J> 4 . divides within the 
core, half of the lines passing in either direction onwards to an 
adjacent pole of opposite sign, the 'area of the iron tluough which 
the d> # lines flow is twice the cross-sectional area at any one part 
of the core il it be cut through from the outside to the shaft. Hence 
if hf -- the radial depth in centimetres of tin? discs below the level 
of the teeth, and L t the net length in centimetres of iron parallel 
to the shaft (after allowance has bet'll made for the insulrting 
varnish or paper between tlic discs and fur any vent dating air* 
spaces that thcrotmav be in the core), the maximum flux’density 
<J> * 

in the cure is li t - • , . . It will Ik* utuleislood lh.it this is the 
Zn c L t 

maximum value which the induction reaches when averaged over 
a cross-section through the core in an in1er|)olar guj>; as lugs. 
219 and 221 show, in thiscr<$»$-seclion the induction is hot actually 
uniform. With allowance for air-ducts, /. ( varies from 0-75 to (1-8.1 
of the gross length of the core /,. The iron of which annainre cores 
are composed being soft and permeable, a fairly high flux-density 
is permissible in the armature without impairing the efficiency or 
economy of excitation. In drum armatures ilie density ii f may be 
as high as 16,t#X) to 17,{>00, but is usually made toiler reuse some¬ 
what as the frequency is increased ; since the latter is parlly depen¬ 
dent on tlie number of poles, average values of Ii e arc J 6,000 to 
l5 f 0Qp in 4-pole, and 15,000 to 14.0(g) in 6-j>nlr mac 1 lines. 

The nature and magnitude of tlu .hysteresis loss in armatures will 
be treated in the next Chapter, but it will here be added that if the 
assumption be made that the hysteresis loss is proportional to 
<J> b 

# B f v ■, then since H c ™ *; - and V e , the volume of iron in the ■ ore 

^ h t L t . 2irf where r is the mean radius of the core, it follows from 

t 

equation (96) that with a given <D«4he hysteresis loss is v: V t 
which is a ttoI* Taking the external diameter and length as 

4 ■« * 

fixed by other considerations* it resubs that an increase in the radial 
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depth reduce* the hystere-sis hiss mpre than in proportion tu the 
increased volume ami fwt of the iron. On this score it might be 
thought that a low average density would In 1 ad visible ; yet any 
such conc lusion, if pressed lr»> far, would m j*ai.tice la* erroneous 
for several reasons. Ill the first place, if the density is confined 
within the upper limits named above am! b made to decrease 
slightly with, art unresist! m the frequency, the absolute value of 
the hysteresis joss is so small that lhe slight gum tn eJhcii ncy with 
a mm h tower density does not vya.taiit the mneased cost of the 
iic'ti. In Ihc^nomf place, ;ks will be 'jliovwi in < hapter XIV, § 12. 
with a rotating field the fvss tines not wiih high densities increase 
m proportion in the* Hilli [Kiwer of the induction, and even shows 
a decrease wijli values above Put more important than 

alh, liar .uliiul fliix-density over any cmwse< tion of the core is not 
uniform, and if the curves of big-.. 219 and 221 are imagined to be 
prolonged it will be seen that the inner laveis of iron iaitv less and 
less of their due pmpoilioti of lines; the maximum density in 
tile ymin laveis is not, therefore, much tedlleed e\Vll if the i.ulial 
ileplli is cotiMileiablv increased, while the added inner layers of 
iron arc not only ihefticu-nl from a magnetic pong of view, but also 
are objec lion.cble as shielding tin 1 lavets whic h are nm-t heated 
by hysteresis loan the cooling effect of air-carc nlalion through 
the core. 1 It is not. therefore, economic al to mini epiie density 
below U\tMMI for trecjlietuies from 5 to 15, below M.UtKI for 
frerpic-Jii'ies from 15 to 20. or below J 2,t M>0 for licpiemies from 
20lo;w>. 

Un ibe otfiei lurid, considetalioits of iln* total fo» limit the 
permissible values In which tile tlux-iUii>Uv in the- role may be 
raised. Although with a true rotating held tin* hysUresis loss 
alone might lie reduced per cycle with an increased aveiage density 
above Id.tHIO, it must he remembered thal the loss by eddy-currents 
in the discs, which is propnr 1 inii.d to the square? of Jhe frequency 
and of the density (l hapter \Xl, $ 171, and aNn the necessary 
excitation ate inneasecl. h url her, when segment:d cole-dtses luav 
to be employed on large anna turns, the breaks in tile continuity of 
the discs at the joints may, give rise tec dissymmetry in the flux 
distribution and to odd\-currents in the shaft if the average flur- 
dcnsity is high and especially ji the small air-gap at the breaks is 
not uniform over the whole width of the core.* 

If the ratio of the polar arc to the jioU-pitch be /? - j>-7. the con¬ 
stant k which reduces the maximum air-gap density /*, to an 
average value for*the whole the pole-pitch, may roughly be 

i I >r. \V. M Thornton, ” The DhtrihtUiuii uf Magnetic Inchirtior. in 
Multipolar Armature*." Kir»iruia» l 2tflti AuiiuM, 1904 

1 Sec especially Miles Walker. ^pYttficaltott and Dt>ign ot OyttiiHiMitciric 
Mfuhi*rry~ pp. 8vt. 84. and Tht of Tr^Uts oi I'Jet!ricaI Machines, 

pp. 134 ami 14li. , r 
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identified with fi, so that «* fi -, y . H, mm9 T ,Tlir net length of 

v 

iron in the core, after tricking allowance for Ihc, insulation between 
the discs and for the ventilating ducts is /., say, 0-8/., 

and the single section of the iron -- 1f-8A,.A. f he average density 
over a section of the core tndow the teeth midway ln'twccii a pair 
of jmlc> K thus 

77 nr 
07 , >t < 

o . < ii 


1 \ thH/i,/. 


poK-pitch 


Taking a normal value for />’, a^ 7.5t*h and fixing llu maximum 
limit of /f, as 16.800 for low frcipirucics and 18.000 lor higher 
firspieru ie-., h t t> approximately -ii to *2S per cent, oj the* po| r pitch. 

h f it • 

and sav, 0-212 0-IS6 rminhei of poles Jims the 

l* ' ip 

radial depth Iff cure N to be regarded .is related to the pole-pilch, 
and bears a lulio to the* diameter whi* h is etl.ilrlv dopei|(Imt 
upon 2/>, Tin* largi-t the tminbet of jades, the dwHowei heroine the 
discs. 

| 39, The effect o! taper in the iron teeth. The marked influence 

of the tapering loutli-widlh^due to slots having p.ualkl sides by 
way of increasing the salutation .if the roots of the ferlJi, has 
already been mentioned m $ 18. Its influence on tin- maximum 
density in tlie air-gap -mist also here he noted. 

With sjots having parallel sides the fraction of the width rd the 
tooth at the top which is lost at the IxUtoai owing to the tapeiing 


inwards of fhe*si»les is very Hosclv 


, tlhcjr A* is I lie 


radius of the armature and l, is the depth *>1 the slot. I lie fraction 
whit 4 the area at t}ic root is of the area of the tooth at I lie lop is 


1 lie re foie 1 


Ml A#: *V J u' 


. and ii is evident tli.it for anv constant 


vJluesof r*, k a*oid<»f h the effoi t of llie taper hecomes more marked 
the smaller the diameter of the armature, Ihit the depth of slot 
■which i* employed in small armalurej itself decrease’s, wliii h makes 
the variattoif of the ratio of the two areas less as between large and 
small arm a tn res. The depth of file Mot fx-ing assumed to have such 

• 

1 # The additional flux of the inlerpoUr Iniigeei* m Du- alwive approxnnAtinn 1 
taken as making up fnr^he reduction of Du: flux imdor the jjrde f;u r owing to 
the presence of ihr ventilating Units in fV armature tore amt also for the 
fact that the amaI length of the jioli usually somewhat It s* than the 

over all length /. rtf ii«? anoalui# core *bet ween the eml flanges. <’p. < hap. 

XVI. 17. 
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normal values as those given at the end of § 18 of the present 
Chapter, and As shown in Fig, 202 for different diameters of armature, 
this Figure shows^the fraction w lti f w n for limiting ratios ie«/w fl = 
0-5 and I. The latter of these broadly speaking applies to small 
armatures and the former to large armatures, the passage being 
made gradually from bne to I he other curve w ith increasing diameter 
of the armature, as shown by the dotted line. Assuming no flux 



Di*» »f imtvi ia Mar 

FfO. 2U2. ItAtlOS of Aft’AS At bottom Alld top of troth. 


to leak into the slots or ducts, if It ti m4r be the apparent flux-density 
at the root of the toolti before correction for such leakage 

max * ('*'« I w 'j) X I- ^ttrn<u ^ W /J X I.i ( 

whence 

(• 81. . . . (9S) 

Ir n t U'# 

From the point of view of sparkles* commutation it is advan¬ 
tageous to saturate the teeth strongly up to about B tt mtx “ 21,000 
(uncorrected) at the root, bift if this vrfiue is much exceeded, the 
forcing of the flux outwards into the slots as shownHn Chapters XVI 
§ 8, and XXI § 19, Causes greater eddy-currents in the solid conductors, 
and the increasing reluctivity of the iron demands a rapidly increas¬ 
ing number of ampere-turns do overcame it. Adopting then the 
normal value of 21,000 for and inserting it in the above 

equation, it follows fronting, 202 that the value of B f w in small 
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machines cannot be nearly so high as in large machines, and that 
it must rise from, say, &,*** — 5,000 in an armature of 5 in. 
diameter to 10,000 in a 70 in. armature, approximately as shown 
in Fig. 203. Further reasons that forbid the use of such high 
air-gap densities in very small as on large armatures are the 



difficulty of bestowing the vxiiting ampeie-tums on the poh-s and 
the liability of their shafts to bend under the unbalanced magnetic 
pull if the air-gaps are of slighlly imcipiui lengths. 

Since the large machines usually have the higher fici piracies, it 
thus finally results when the lonsidciations of the present section 
are applied to § 38 that the radial depth of ■ ore, although decTeasing 
wi*h an increas'd number of poles bears a great cm ratio to flic 
pole-pitch in large juachinrs, • 




<;Hi\l*TKk XIV 

T1IK M.V.XWC VKOH-KTII s Of [RUN 

11. The conditions affecting the permeabdity ol iron. Tin* |**r- 
H 2 < a :il>il)ty. ft, of any mat rii.il dejHmds, ni>i iiirrrly u[*»ii whether 
il is magnetic nr nonnwgiwtii , 1ml, if if l»* tin 1 former, nfion three 
cow lii ions. These m.iy t«: summed u|» us follows : (I) Its physical 
anti chemical state, e.g. whether it be wrought iron or cast iron, 
awt.-ded or h.udiiied ; or whether it hr alloyed with other sub- 
slbitfes, ,m(| what is the pn rentage iri which these air piescnt, 
eg. slrrl alloyed with I- jH‘f rent, of manganese becomes almost 
lionriugmiir. So far, the p-tinea bill!v is analogous lo the electro 
conductivity of nirlals which is similarly alfccted hy their physical 
stat*' 1 or hy I heir puiiU’. Ihit the permeability even of a definite 
chemical substance in a delinite j>1 1 I state is tint a constant 
([tiahty; it also depends mi (2| the value t»f the flux\lcnsity. Regarded 
from this jKiint of view, tin* piimeatxhty is a function of H t 
ihr flux-density of the lines |nt squ.ue centimetre, or ft / [li). 
Herrin il differs derisively iinm the analogous prn|*-rt\Y>f elect liral 
conilndivily. for in 11n* rax* of the electric circuit l)ir resistivity 
of the mattti.il composing il is not a ( fiuietion of the < uncut, but 
is independent ol the amount of current flow ini: through it, sive 
in so fai as this indirectly affects Ihr temperature of flu* conductor. 
Although, therefore, in the ease of air and lion-magnetic bodies, 
file analogy of magnetic (xiineahilily to electric conductivity 
is perfect. it is far fin in holding in the case of iron. While 
the permeability of iron may be 2,IKK), or even inure* with an 
induction H 5,000, yet when the tliix-dciisity YiSis hern raised by 
sjH'cwd methods to the extremely high value of 45.If50, the value 
of u is i educed to less than 2. 1 IYopu this it will he seen that 
though air, Kinwuet.il, zinc, etc . may 1>e regard'd as magnetic insu¬ 
lators relatively to iron winy the latter is weakly magnetized, yet 
when the iron is “ saturated M the difference in their permeabilities 
becomes greatly reduced ; for rallies of li in wrought and cast iron, 
such as ate ordinarily reached in practice, their permeabilities may. 
be said to stand to that of air in the ratwof almui 20Uor 1(10 to I, 
but for higher values it continually decreases, thilil for intense 
saturation they may be only ^bout double that of air. Next, 
'the permeability depends upon (li) the previous magnetic history 
of l fie meta 1 , i.e. upon whother»it has bevn previously subjected to a 

1 Actually 185 (Kwirtg, tnd^iion. in lron,nttd other Metals, 

3rd edit, Chap. VII, $ 94) * . 

40ft 
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larger or a smaller induction. The iron is affected, as it weie, by 
its history, so that the number of lines passing through it differs 
in 1 he.t w o rases of an ascending or a descending induct ion. Lastly, 
the permeability oi ii.in is affected by Umfutitfutt. but as this 
effect is hardly noticeable within ih* range of teni]H-raturc that is 
met with in the ordinary working of dynamos, n may ho om pioont 
pui)>osc 1 h» dismissed as ineligible. Sui h bring the muplcx nature 
oi the permeability u H //. it is most convenient loiepieo’W t)je 
pnnos of tin* magnetnation <u uon graphically by mars of indue* 
ti»u or flu x-demit v. connecting t«»gi ,J «ln*i cmic'pnmhng values c>{ 
H and //. It may here be recalled iha*tin ipiantjly // m < (i S. 
unit S' -in other wonK the »Mgnrfi;r»g intensity of the field in which 
the iron is phued, or, as it is sometiiiM— called m tlir jjicm ni«; nri- 
neiiioii the “ magnetizing force.’ 1 to which 1h< non Mili]oicl- 
is a bo tin* fall of magnetic potential which lalo-s plan* n\ri a cen¬ 
tum ire length of tIn- substance lormiiig. rg the mre *■! ,i n»g such 
as tJi.it of Mg. I when It hues flow tluongh rat h opiate trutimclic 
cii its cross-stn'lii>ii. A niiinU 1 ! ot coiA^m uding values of //.and 
H aie obtained, and these when plotted lO abscissae ami oidinates 
respectiv ely are jeiJlrd 1o hum a emve t»f flux density. 

§ 2. Ascending and descending curves o! B and H. L Stalling 
with .i soft annealed wrought -in»n nng pii-\toiidv immagiieti/ed. 
and thnefwe Ml all entirely neutial state, ot rW catcfullv ddiMg- 
netized by means of a gradually decleading alternate ciuieiit passed 
through the magnetizing hvlij. let Us itM tWiHg cuive betleteimined, 
the rurtciii being increased m strength step b\ step, and tln-fhix- 
densiiy being sepal at ely measured for rath Mcp. At tin tmlsel, 
for very small magintizing intensities, the value of li uses at a 
certain slow rate almost p!o]iortioriab'lv t«> the innease of i|m* 
intensity ; when, however, the intiUMty«has n iched a value oi 
about 1 nr 2< rf (».S. units, the rate of hm* of the induction i h.mgc • 
very rapidly *“ a* much incieased value ; at tins new iale the indue - 
twin again Continue* to user almost proportionately lo the iinieaxr 
of tlje magnetizing intensity, but when tlir latter b raised to a 
value of from 5 to ly. although th* irpluctioii li i oiltmiles to tn< tease, 
its rate of rise falls off, and becomes gradually less and less rapid. 
*u> curve thus obtained fur It anil // is* i lint marked OE in Fig. 
2fM ; since the non was at tlie ftut*-t iiwiiagnetiZed. it starts from 
• the origin, and rises with the increasing magnetic intensity, as 
shown by the ascending arrow, it Is divisible approximately into 
three different portions, marked a*b, c, cor rescinding lo the three 
stages just mentioned. • 

After having reached the point h on thv ascending curve of 
flux-density, let the magnetizing current lie gradually reJiiccd 
and the curve of descending indflcUort lie traced. This, ab lias been 
already stated, is by no means idenv^al.wifh the ascending curve, 
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It is marked II. with a downward ?rrow in Fig. 204, and is con¬ 
siderably higher than the ascending curve, so that when the magnet¬ 
izing intensity is zero it cuts the vertical axis at some point R, 
considerably above the horizontal axis. The height OR, it. the 
number of lines still passing per square amtimet r e of the iron when 



the magnetizing intensity ha«r been gradually reduced to zero, is 
the residual induction or remamnee of the iron; ite exact amount 
depends upon the value to which.the induction in the iron has been 
previously raised, and from which, as a starting*point, the reduction 
began, while the proportion which if bears to the maximum induc¬ 
tion reached is the reUnlivity'Dtfte iron. After reading point R 
on the downward curve, *\ negative ttfagnctic intensity is required. 
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and the direction of the magnetizing current most be actually 
reversed by reversing the magnetizing current in orjjer to reduce B 
to zero. The amount of the negative intensity, which has to be 
applied in order to reduce B exactly to zeji after it has I wen 
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being reduced, had been still furtiifr increased, the curve would 
become flatter and flatter, but it never l*comes truly horizontal; 
although the iron may now be said to be " saturated/' the induction 
ft never ceases to*increase when the magnetizing intensity is in¬ 
creased, mi that there is iw> deljnite limiting valuer if ft Iwyond which 
it cannot be raised ; the (N.’i'meahilitv nf the iron is enormously 
red need, hut even when the j h< 1 i liar action of the iron in increasing 
lhr nujjOietii (lux is almost imjxrccptilde, :noic flux ran always lie 
(Kissed through the helix, just as jf it were a simple solenoid en¬ 
closing merelv air and without any eoie of iron. The iron is 
cornmonlv said to hr,' s* Jura ted 1 ' when the mm: of flux-density 
has begun to fiend o , vi at the rounded kti'v between A and r, but 
tlii' exart appeal am<- ol t)«* rime and |H>sitiun of the bend largely 
dt pi'lid on the resjm five sc'ales to which ft and // ate (dotted, big. 
2*15 sfjoxVs the curves of flux-density of three different kinds of 
non, lie* ascending cm W being shown till! and the descending curve 
dotted ; in these the induction and luagnelj/ing intensity (the 
latter shown in llie uppei-ni the two Males along the homontal 
axis] have been c.imed to mm h higher values than in Pig. 2<M. 
The seate ot // lias been altered In obtain a convenient M/e uf 
diagram, and it will he •seen that now the betid of the curve for 
annealed wrought iron appears to be at /; U.IXKI instead of at 
ft I l.tKJO. as in Pig. 2i>4, Saturation is in fact, so fa[ .o line* of 
induction are concerned, a irlative term, with no particular 
numerical significance. 

Hut so lai as " intensity *»f magnetization/ J, as defined by the 
equation ft ll \ \nf. is mnmihtl, saturation has a more definite 
meaning. When // is raised above a value ranging from about 
l,500 to li.tHHl < units, the value of ft exceeds that of II by an 
amount which is piuclVaUv constant for any given material, 
Thus with high grades ot armature iron, for values of // above 
2,000. experiment shows, say, 

ft If | 21.400 

whence the constant value of / t 1.700. This -otliration intensity 
J t or the " specific magnetism" may then 1w regarded as a tme 
physical constant of the hiutcrial. 1 The highest value nf J, so far 
recorded is 1,796 (in annealed Norwegian iron] a , and an exceptionally 
good sjK*eim«-n of armature iron tested by hr. Beattie and II. 
Gerrard gave a saturation mlVnsity of I* 740 with a magnetizing 

* 

1 See Sir H. A Had field and IVof 0 v Hopkuisim. " The Magnetic Wnpcrtics 
cf Iron and its Alloys in iiitcnsc fields," jaunt, ! /: f , Vol 4ti, p. ‘i.45 , Dr.*K. 
Beatty Ami It Her rani. I’-lfttr., Vol, 94, ]>. 75**. l-Vb* tXth, ID10, F. Shaw, 
ftUitr., Vol. 80, p 790, amt A. Caffnpbell ailfl P. W. Bye, Journ. /.ii.E, 
Vol. 54, p. Jl. • f « 

» Bv B. O. I’circr, sc* MHHUit.. 1909. p. 107. 
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intently //, as low ax 1,500, IV results t»f tM latter observers ate 
given in the two upper and the lowest curves of # Fig. 210; the 
saturation points are marked with a cross, after which the induction 
rises as an inclined straight line, the dotted part; Wing coutimuiltons 
beyond the experiment ally observe^ j^ni icuis 

| 4 . Physical and chemical condition! as- beahnx on magnetic 

properties o! iron. -The jvrmeabdity oi it on is l.ugijy alio ted l>v 
the pri'vihe of impuiVies,•intermixed ui in combination with it, 
Mich as phn'ph'rtu>, %u1phur. tiingMen. or manganese md also 
by the i l"->rlv connected phvsic.il quality nt 1 h.Mdnrss," The 
exact liithivuieol any one iugiciltrn! it Toniii | diJtu nh to i loin mi lie, 
-ilice lls absriur or pirM’iice may alter! not only the i hcinu.d colli* 
jMoitioii but aFo the melt mg j»omt/lhe piou*** bv win* h the metal 
must be Heated during mimilaiiuie, and tin mti*ia*luu nt the 
other impurities. ll maw liowrvei, be said ih.it iluinoM nnpoti.jrii 
ingredient on all these H nirs is itirL'tt ; u> pr-’M-m. m a combined 
state U-iiig del ill i Milt ;d to the permcabjlilv. ‘ ,U?/r/ v/ r W. when 

rolled into thin dieelv may usually 1*« te'ii d upon .e* luinj;,Mift, 
owing to tlii piiikesses of mamdu< tute tIIIiuigli wlmli it has to 
lx 1 carried, and, 4nrliter, in this form it adimi- of a w\v ihoroiigh 
iltllli ahllg. When, however, sim li sil i ls ale >l.i]h|"d o| punched 
our into ilie shapes suitable for dynamo purpose**, ii is usual 
to siibiet » tbe dandlings to a bulbi l r< jnn.iltii;', sum e by the 
process of .stamping they heroine. In a uTlain exleiit, hardened. 
The :i II healing pi mess should be i.mieik mil m all^iglll i ]o\ed 
boxes or chambers, since mere amiealmg in a hie opm to tlie an 
leduces the pi'iineabiliiy. In fas/ trim tlie ejfeits .-I i.npimlus 
and of hardness are a; 'a in veiv milk'd. fin non us t( | hu < .istmgs 
should be spi ciallv sofi and pure, and all baldening or • lulling of 
ii alter r.isiiug should be avoidol. J hr total aiumml of carbon 
preselll m a combined form or as giaphlte may vary lr«<m H in 4| 
per cent , but should be low in null i to ledihr the pn< outage o| 
combined carbon, it possible to less than 11*5 per niii, Apptoxi- 4 
ma t^lv. it may be said ih.il, for oidinaiy value*. of // between 
40 and 80, the pepneability <»! >ast non is i, vs 1 hon half lli.it of 
forged iron or cast steel ; but diffeit;rit samples of < ,im jjf.n show 
(touch mote divergence among themselves m pciim ibililv than 
would be found in as many Samples of wiought iron. In \lerl 
0 casting* combined carlxai is again objw tmiMble, arid should md be 
present to 41 greater extent than pet tent., the temperature at 
which it is Ctcst being jorresfxmdittgly high. An alloy of steed with 
5 per cent, of nickel has l»een»iistfd with miotss to combine a 

• . * 

1 Sec especially Barrett. Hrnwn and ’ Tii si arc lies on irfflermt 

Alloys of Iron.” Joum. I HE.. Vol. ad, yt. rSHS ft., amt It l\ kmhatl, 

'■ Magnetic Dutvd Iron and Steel*' ^ry2. hi. IKS#U, Vol. 120? The effect 
ol allovimt sheet st*rt with «Iic^>H is do*4 with later. 
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permeability as high 1 as that of good cast steel with great mechanical 
strength after forging. 1 

The 44 rctentivity" and "coercive intensity" likewise vary 
greatly in different qualities of iron, and arc affected by their purity 
and hardness. It will bit seep from Figs. 205 and 208 that when 
a high magnetizing intensity is gradually reduced to zero, the 
residual magnetic induction which persists in annealed wrought 
iron is ^bout 7,<HK> or 8,000, while for cast iron it is alniut 3,000 to 
4,000, The rctentivity of soft annealed wrought iron is greater 
than that of any other material, since as much as 80 or 90 per cent, 
of the induction may b»? retained, but this amount is much reduced 
if the iron rimrit he inrumjilelo. Its coercive intensity is* however, 
very, small, and the residual faux is quickly reduced by a feeble 
derwagnetizmg intensity, or by mechanical vibration, jarring or 
tapping. Hard iron and sled, although retaining less magnetic 
induction than soft iron, keep it much more strongly, and therefore 
permanent magnets, which are required to maintain 1 licit magnetic 
properties in spite of nav hanicai shocks or demagnetizing influences, 
arc made of steel, the most suitable alloy being tungsten steel, of 
which the coercive intensity is as much as 70 C.G«S, units. * Were 
it not for lire fact that a high flux-density cannot be obtained with 
ban! steel owing to its low |H*rmeabili1y, the held-magnets of dyna¬ 
mos would Ive made of steel permanently magnetized, and requiring 
no exciting current. In default of a material which is at once 
permeable And retentive, and |assessing considerable coercive 
intensity, we are corn] idled to employ soft iron or mild steel magnets; 
these are permeable, but require the exciting current 4o be contin¬ 
uously maintained round them in order that they may not lose their 
magnetism entirely under the mechanical vibration to which the 
dynamo is subject whemrunning, or through demagnetization by 
the current-turns of the armature. 

| 6. B-H carirw o! Iron and itol. -While the curves of Fig, 205 
serve for a general i;oriq>arison of the permeabilities of various 
materials 1 they need to be supplemented by further curves showing 
more in detail the relative merits of ouch material# as are in everyday 
use in the commercial manufacture of dynamos. These may be 
divided into the four main groups of iron or steel foraings, steeJ 
castings, cast-iron, and sheet skcl‘stampings, the find: three being 
% 

1 A " It'll M curve tor a ukkebidcvl forging, containing 3-5 per cent, nickel, 
with an elastic limit of 50,000 lb, per square inch, and an ultimate strength of 
80,00(1 lb. per mi. in. is given by B. A. Ikhrend, FEE., July, 

IW8, Vol. 27, P . 106U 

* ■ Cp. S. P. Thompson,*" The Magnetism of Permanent Magnets/’ Joutm 
I.E.E* Vol. 50. p. 80, and S. Evcrshod ,** Permanent Magnets m Theory and 
Practice/' Jaum. F E E., Vol. 58, p.*18. 

* B H curve* for various materials shown in Fig. 12 of the paper by 
A. Campbell and I). W, Dye. J*w*iF.E.£„ Vol. 54. p. 44. 
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* used in field magnets, and tW last in wrmatifre core's, pole-shoes, 
and in the rotors of some turbo-alternators. » 

Fo r dynamo magnets, both wrought and forged-ingot iron, which 
were for long the favourite materials, have Lv*n almost entirely 
superseded by steel or iron casting. The yoke-rings of modern 
multipolar machines are better suited to ca>tngs, and cast steel for 
moderately high induct ions above H I 2 .U 00 , such as^re in practice 
required, is superior to -vend he best wrought iron, such as amvsaled 
Lowniuor or bwedish. The magnet-one* of poles, when circular 
in cross section, are, however, conveniently nude flout rolled bars 


inductor. B. 



Amptro -Tum» per centimetre length 

• VlC. 206.—JJ-H curves fc*r * 


of ingot iron. The three materials of Fig. 2(Jti have lids in common * 
witfi w rought iroi^ that they ar* all either huger] under the hammer 
or press, or are rolled info bars. But while wioughi iron consists 
«>f puddled balls or scrap-iron pieces welded together bv hammering, 
its fibrous structure still bearing vat ness 10 its method of manufao 
f ture, the forged ingot irons are homogeneous in their nature having 
been at thf outset thoroughly fused together in the furnace. While 
chemically they may be ranked as/nitd steels with a small |»ercentagc 
of carbon, the term ” ingot iron," and its more expressive German 
equivalent M Flus$eisen/ J indicate that *l»ey have been mcltod 
before they reach the liammer <if the rolls. Fig. 207 givfcs the 
B-H curves of four favour a SI 4 specimens of the sccpnd group, 
namely, sied castings it 41so*illu^rates the fact that a low initial 
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permeability d<jcs not necessarily jyiply any inferiority at high 
induct ions. Tj|ic curves cross one another, and they arc further 
remarkable from the facts that the err am tig-point rn each <;ase is 
practically cofncidmt with H 15,000, and that the relative 
position of the curves becomes exactly reversod. On the whole 
there is little to choosy between tluepenm -.iliilitu-s of tin* two groups, 
the forgings .being slighlly mole permeable between Jf J3,0U0 
and fi Id,IKK), and tlu* castings moje permeable al si. ill higher 
inductions, iheri: is m'teed hill .little dilfi teuce III the chemical 



cotu|’uMliun of the two groups; both are as nearly as possible puce 
iron with only Midi admixture of cajbou or other substances [silicon, 
phosphorus, and manganese) as may enable them to be conveniently 
worked during the prove v ni manufacture. An average analysis 
for magnetic cast steel would give*, c.g M carbon 0;U8 to O'15 per 
cent., silicon 0*2 to 2 per cent., manganese a trace, and phosphorus 
and sulphur as low us possible. -In fact, the total impurities present, 
including carbon, may not ext ml 0-3 per cent., .the remaining 
fc>*7 per cent, being .pure iron. The material of curve 1 in Fig. 206 
Viay be credited with*the highest permeability over an extended 
range ; at low inductions it is sightly superior to wrought iron, and 
it is only surpassed by an exc*ptjoijally good cast steel when the 
induction *is pressed beyond Ji -• 18*000* Its curve is nearly 
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identical with that of an aWl perfectly purt* specimen o( iron 
[iruparttl specially for laboratory purposes. « 

The curve for a cast iron of specially good magnetic quality is 
given in Fig. 208 , iis composition was approximately 741 jvr c'cnl 
of nuulnm-ry scrap and Mi |vr ccntjOi a soft hematite ptg-iroti. 



For the core plates o( anmlurys the maierial in general use is a 
mild steel of very nearly the same i:om]M/siljrai as that of the largcf 
masses of ingot iron or steel forging. From the similarity oflhcir 
chemical analysis arnuiiurc 4/<j»spj|»£* (Fig. 2f>9) may be expected to 
have a perinea fn lit y similar In That ^if the same iron or steel when 
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tested in bulk, and such is in fact the case. The only differences are 
that owing toils repeated mechanical treatment in the rolling-mill, 
and its subsequent annealing, the sheet-metal has a permeability 
at low inductions father higher than that of group II, hut falling 
off at higher inductions, and that, as mentioned huer, the sheet-metal 
i» now often definitely alloyed with silicon. Four qualities of elec¬ 
trical sheet steel are supplied by Messrs. Joseph Sankey ife Sons, l,td , t 
of Bilrton and Messrs. John Lysaght, Ltd., of Newport, Mon. 
Of these “ Lohys ” is the quality inrtst commonly used for annat tire 


IrvdwctlOft, B. 



Ampere-Turni p*r c*oijm«tcc length 


• Fig. 209. - B-H curves for stamping * 

stampings; thence rising in silicon content, ,J Sjx'eial Lohyjt ”*of 
which the permeability is slightly inferior but* the total loss from 
hysteresis and eddy-currents Jess, 91 Medium Resistance," again with 
a lower permeability butMess loss, and lastly " Stailoy " with abcMt 
3 percent, of silicon which is largely used in transformer work but 
is not Suitable for armature stampings owing to its brittleness and 
the difficulty of notching it. Curves l and 2 of Fig. <209 may be 
taken as roughly representative* of M Lohys/’ and 3 as representing 
"Medium Resistance." For B 15,000, H should in no case 
•exceed 30, the percentage of silicon in the alloyed sheet-steel of 
the lowest curve of Fig. 20^ being higher than is necessary or 
advisable for armature stamping* • In the Jeeth of plotted armature 
cores the induction may of ten# reach the high figure of B *=* 20,000, 
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and in order to embrace even higher values, Fi£. 210 is added, 1 in 
which the lowest curve may be taken as slightly inferior to “ Medium 
Resistance ” quality at high inductions above 21,000. For use 
over the whole range of practice is given Fig. 21V 1 lastly in the 



two lower curves of Fig. 212 are given permeability curves, which 
may be t^ken a/represegtalive of average steel, such as is commonly 

• 

l «Fot the influence o^scale on Steel shectl, see F. Shaw, " The M^•w 1 ]re^lent , 
of the Permeability of Iron Sptmpmg* by Ewing's Double Har and Yoke 
Method," EUclr., Vol. 80, p 787. • 

* Based on the turves of Fig. 23 ij Walker, Specification And Ditign 
of Dynamo tin tnc Machinery, so far a» the%two tower turves are concerned. 
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used in dynamo work; they. &ow how great*is tin* variation of 
for different values of B. 1 • 

It will now be fully evident that the relation between H and H t 
or the permeability of a given sample of iron, even with a definite 
magnetizing intimity, cannot be absolutely specified, anti may 
take any one of a certain range of values acoe*rhng to the previous 
treatment to which it lias twen subjected. Since, however, the 



effect of hysteresis is very slight when the Hull is strongly magnetized 
or*" saturated,” and since in dynamo field*nugriHs the non is 
usually magnetized# to a fciirlv high lndixtioii of over 11,000 in 
wrought iron and steel or 6 , 51 X 1 in iron, tin: value of li for a 
giten magnetizing intensity wilt differ ifltlr, however the latter 

has lx?en arrived at - that is, wheriter the magnetizing intensity 

• 

* 1 r\»r Yiinnns mi‘lhoil« »»1 {omjKtrmg <-r f ui<Mvnim^ -j•»} ni>1 *:ln i< v, sonv nf 

them suitable hit piai.tkai vise m the woxkv|i»|>, set* tie' pap’C in the 

tout note but one, sJtid Du Hois. The l mint, l-lnip XI ; Prof l.wing, 

M The Magftctic Testing of lorn and Slv'el,” Sfajnrtt- Uidudion m Jr»n and 
athtr M<blf, 3rd cd . Chap. XII : l-ainlfancl Walker, fatm t V..K., Vol. 30 
p 930 ; Drysdale, ]o*t% / E.E Vol. 31. p. 2H3 • \\* II. I*. Murdoch, Jttttrt r. 
I.E K., Vol. 40, p 137 : A- Campbell and f \Y. Dye, " 1ii»- Maguetii. Icstiug 
ol Bars of Straight or Curved 1 !\ 1 . \“l 54, |> 33, and for 

a comparison oftrcwlts obtained by mfirmu rnrlhnds Prol j 1 Jhirris ami 
T- H. Langford, Phyi. Soc. Pr 0 i.,\m. 23,4*1. IV. p 277, 1911 
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has been decreased down to or ihcreased up to that value (see 
Chapter XVI,i$ 3). 

f 0L Magnetic hyitewtif.— Reverting to the downward curve of 
Fig. 204, it is seen chat the changes in the magnetic state of the iron 
are not coincident with the changes in the strength of the magnet¬ 
izing intensity, but lag Ixrljjnd therft ; this is most forcibly exemplified 
by the residual magnetic induction which persists when the positive 
magnetizing intensity hu£ been reduced to aero, and by the fact that 
the induction only Incomes zero After the magnetizing intensity 
has readied *u definite negative value, The physical fact here 
described is known shortly as the magnetic hysteresis 1 of the iron, 
It should In* noted that this is not a lagging behind in jxiint of ftW, 

,since the actual lime taken Ibr the changes in the value of the 
tiifrgncii,f,ing intensity (provided they be not extremely rapid) is 
immaterial. The magnetic hysteresis de] tends merely on the 
order of succession of tin* different current strengths, and even long 
intervals of waiting, during which the magnetizing intensity is kept 
constant, do not obliterate the distinction between ascentImg and 
descending turves. What is really implied by tire term " magnetic 
hysteresis M is ihut if lire magnetizing intensityds reduced from a 
stronger, to some weaker value, the rate at which the magnetic 
induction becomes reduced with reference to the magnetizing inten¬ 
sity, or the sIojk' of the downward curve, is less than- the rate at 
which it increased when the magnetizing intensity was raised from 
the weake! 1 up to the stronger value j thus, if at point R the mag¬ 
netizing intensity be again reapplied in a positive direction, the rate 
at which tin* induction is recovered is again less than the rate at 
which it was lost for a change of magnetizing intensity within the 
same limits, 

bet us now continue the descending curve from the point C 
onwards by increasing the negative magnetizing intensity, and so 
reversing the direction of the induction, Attfcr reaching some 
point R\ let us gradually reduce the negative magnetizing intensity, 
reverse it. and increase its strength in the former positive direction. 
A new ascending curve martyd* III ij> thus graced, which again 
show’s hysteresis \ it differs, in shape from the previous ascending 
curve, which started wifii the iron in a neutral or M virgin ” state, 
but is analogous to the descending curve II, By •carrying the new 
ascenfttng curve up far enough it will eventually cut curve II, say. 
at E, and we thus arrive at the same paint whence we started to 
trace the descending curve. A complete. h£> therefore been 
described, and tlfe two curves Nos. II and III enclose a certain 
“area depending upoh the extent to which they diverge from* one 
another between the points Band £'.* The magnetizing intensity 
has beeit taken through a eyel*of changes in direction and value, 

* From Greek kmpiv. to lag tehind. 
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eventually returning to the same point as that from which the cycle 
began, and the iron has similarly been taken front I positive to a 
negative induction and back again. It is not, however, necessjry 
that the magnetizing intensity should be actually reversed in order 
that the curve of Induction may detcribe a complete loop; it is 
sufficient to withdraw partially the,magnetiziftg intensity am! then 
reapply it. Thus, at any point on the ascending curve the gradual 
increase of thi^ magnetizing* current migfcf be suspended, wind it 
might be first re.lured ami then again increased; a small loop 
would then be traced on the .induction’curvy inside tlfe last one. 1 

| 7. Dissipation of energy in heat ty ihagnetic hysteresis. - 



taking iron through a complete cycle of nugndic induction repre¬ 
sents a certain amount of energy which irnisl Ik: spent jht unit of 
volume in performing this cycle ; i.c. it represents on the CG.S. 
system a definite number of ergs of work done in taking v.u h cubic 
centimetre of iron through the cycle of induction traced by the loop, 
The principle Irfim which this follows is cstablisfwd as follows. 
Taking the ascending B-H curve for a closed ring of iron magnetized m 
by aij exciting coil of T turns carrying A am|*rcs, let the induction 
be raised from B l U^B t (Fig. 2!3^injime /. A)! the lines are linked 
with all the turns T, and the increase yf the former from B x a to Bji 
(where a is the cross-sectional ;.rea of the ifoti in square centimetres) 
must have produced in the exciting*coil a back K.M.F of average 


* value a „ 


hzh 

4 


.T. 


O^if the points p t and p t an* taken so dose 


together Jhat tile infinitely small increase db in the infinitely small 
time dl Is considered, the time-rate id increase*of the linkages of 
• dB . .: ,. dB m * 

lines isand the back RM,F. in Jhc exciting coil is -a , . T. 

» Vide Ewink, *Majntltc *in bon and othtr M flail, 3rd ti., 

Chap. V, pp. 94-96, * ’ 
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The* source of the magnetizing current must accordingly do work in 
overcoming this hack E.M.F. at a rate equal to the product of the 

dll A 

current am! the bmk or a . — '/ *— tigs per second, where 

j * dt Ju 

— is the value of t h*» magnetising current in CCS. units which may 

he regarded as constant during the infinitely short time dt. Hence 
the toful wmk done during the time dt by c urrent in producing 

dll A A T 

the change of induction dll is a . T .dt ti ■■ ,dlt ergs. 

■ ut . Itj 10 

AT HI 


the? wojk expended p<v c'lioie centimetre is lldll, or — of the 


Hut , so that tin- work dune or energy extended on the 

ID H7T 

* * . // 

thJ.gneli«: tirlcl is« / • dll. hui tjier, id is equal to the total volume 
* \tt 

of iron in cubic rent i met res, and as eacli cubic rwiti metre may tc 
considered as liaving a propoitinnate amount of work done on it, 

1 .. 1 
4rr 

small area /qif one unit of letiglli along the horizontal 
represents one (\<i>. unit ( of magnet it: intensity, ami along the 
vertical Veprest'iils one t'.ti.S. mill of induction. If we extend the 
same process and raw* tin- induction from any value to any other 
value /if, llie woik expended jht cubit: centimetre is equal to 

w 4 • 

J„ f //,(//»: thus, for example, it in lug, -14, which repeats 

W/h . 

a portion of big, U04, the induct ion is raised from zeu> up ti> /:, 
a total amount of work is expended in each cubic centimetre of 

j. * 

-L f Hdll, which is equal to 1/4 tt of the irea OEMO. The 

Wo 


maintenance of the magnetic held at E or at any other constant value 
involves no expenditure of energy; the passage of the exciting 
current / in ihe magnet bobbins of resistance R does indeed involve 
a continuous cxpciiditui* of energy at tire rate of T*R watts, but 
as this is dissipated entirely indicating the copper wires of the coils, 
it is nit to be debited directly to the magnetic held, and as we have 
said is only necessary owing Mo the lack of retentiv^ness in soft 
iron or stool. Next, let the mfignntizing current be lowered from 
the value corresponding to E dovyi to zero ;* tlie decrease of the lines 
•now causes a forward E.M.F. assisting the ciyrent in the exciting 
coiirand work is thereby doniyn virtu# of the energy stored in the 

field. The amount so recovered! is* however, only* equal to— 
• # 4?r 
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of the area EMR, since the defending curve floes not follow the 
same course as the ascendiog curve ; hence it is hss tl*in the amount 
expended by J ! 4ir of the shaded area ORE, It is not, however, 
proved how much is irrecoverable until a coinplelf cycle of inducti* >n 
has been truces I . and the iron has l>qpn brought hack to the same 
state as at starting. Such a complete <^veWi* given in Fig. 204, 
from which it is dear that the total annum! lost jk*i cubic ceniimeire 
of iron is equal to l;4n*nf the area of the closed loop truminated 
by the maxima Values /*.' and E cj tin- mducu.m. I In* energy that 
is irrecoverably lost in any Mjyh cyclic +:>» r«> U di-^ijmud though- 
mil the iron in heat. Thus the erf at ion of*u ftr,.gmtic held in iron as 
up]*Ysed to air is not a perfectly livei-uhli-pUMi^x, miiiy some 
jH>rtion id lire energy extended is Ant >tmed hut entirely Im- 4 in 
heating the iron, 1 his loss js to he dial ply dialogue! ml Utim 4tti * 
loss hy eihlV’CtiiTfiils which nnisl to a small extent he pteseril 
even in finely larninaled inm. In a given mass ihe latter Joss is 
proportional to the square of the frequent v >n tminbci «>| < yelcs pi t 
second, while ttie former is simply proponing a l then-tu, i c tlie^me 
varies as the square of tlie speed, the other as the ^veil. and hy ibis 
difference the t\vr Josses may hr sepal ah-.1 out (t liaphi XXI. $ 16) 
Kddy<uncnts may be practically eliminaied by veiv caietully suh* 
dividing lire iron (Chapter X111, $ t|. or by c.iimiic Mu induction 
to diange Mery slowly, Hut n<> suhdivMon or laimnaiion of the 
iron will eliminate the loss by hysteresis ; nm is it ieduced, however 
slowly the cycle he performed, as i*» diown hv ihe »e\pj» ^i<>n 

dii . A * # 

a , “ - J " df. from winch dt (hs.mpi.iis, hml her, lh« U»ss hy 

lit in w 11 


hysteresis does not lew l nvignehcallv upon the field, while edd\- 
currents, however minute, screen Ihe iioit against inductn»n. and 
hy reason of their M M.F. affect the ficM length, Indeed tin* 
only deviation from the law, that tin* hydeic^s lov S piopni imml 
to tile frequency or speed, is due 1<« llie screening a* lion o| eddy- 
currents wliich may still he preseni it ihe tlmkin-'s of ihe non 
la ltd rations be appreciable, 

$ 8. Hysteresis lose in aJJem&tifig jleld. The * tfnt of hysteresis 
is most marked on the second or steep £irl of the < m \v [h. hg. 204J. 
i.P if the limits within which the magnetising inlrndlv i~ * vein ally 
varied fall within (>r embrace llial*jv»rli<»ii of the mive; cyclic 
•changes of a strong magnetizing intensity taking plan* i-nlifr-lyou 
the upper flat portion of flic curves ot Fig, 205, j.c. when the iron is 
4i saturated/’ sflow so Jilt le hysl tresis that its el fed is almost 
negligible, and no difference is discernible i.i*the ascending or 
descending curve* (iWc Fig, 205}, On the ste^> portion of Ihecurv^ 
a cycle of changes in the strength ofahe magnetizing intensity once 
performed will c^use thejnductifufciftve to describe a loop. hut the 
crossing of the descending and ascewlm^ c urves may not coincide 
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with the starting-point whence the .descent was begun ; hence a 
repetition of. the fame cycle of changes will not cause the loop to 
be exactly retraced. If, however, the magnetizing-intensity cycle 
he repeated a few tjmes, the iron will eventually reach such a state 
that the same loop will lx* continually retraced, and the change 
of magnetic induct tor will itself become strictly cyclic and coinci¬ 
dent with the magnet izing-in tensity cycle. The need for several 
repetitions of the magnetizing cycle in order tliat the same loop 
may be exactly retraced each time us much less marked when the 
two limiting values of the Finp are high up on the positive and 
negative curves, anti in tin* drawing of Fig. 204 it has been assumed 
that the maximum negative induction at E* is equal to the positive 
induction at U, and is reached for the same value of magnetizing 
intensity as chi responds with /: on both the two ascending curves. 
Thus, for simplicity’s sake, only three curves are shown, and the 
cycle of induction of curves II and III is assumed to have been 
readied at once, and to be immediately capable of exact repetition. 
But,evcn if it cannot luvso quickly established, yd when the magnet¬ 
izing intensity is continuously varied between two fixed values in 
either direction, the magnetic effect soon also becomes cyclic, and 
the induction likewise varios between'two values in each cycle. 
If, therefore, the loops obtained when the iron is carried from a 
strong |Kisitive induction to an equally strong negative induction, 
and back again to the original starting-point, are determined for 
several different values of the maximum induction, it will be found 
that the area of the loops, and therefore the energy dissipated in 
heat in each complete cycle, depends upon the nature *f the material 
and also upon the maximum induction up to which the iron is 
carried. The area of a loop Indng approximately equal to a rectangle 
having a base equal hi twice the coercive intensity and a height equal 
to twice the maximum induction, the amount of the ’'loss by hys¬ 
teresis” in tngslfor any cycle, or 1/477- of this area, fifty approximately 

, ., , , coercive intensity x maximum induction 

be said to be equal to . ; 

thus in soft annealed iron it is«voYy small, cvefi for a cycle of high 
induction, but in certain sjeefe it becomes very considerable, amount¬ 
ing to as much as 200,0(X) ergs ppr cubic centimetre j>cr cycle in 
tungsten steed. Taking, however, any one substance, it has been 
found that the loss of energy by hysteresis in an alternating field' 
is not proportional to the maxi mu in induction, buj increases more 
rapidly at least u|) to values of the induction below 10,000, 

^ In Fig. 215 1 is given a curve Showing for different values of the 
maximum induction of the cycle the hysteresfe loss of a sample of 

1 FronkWi/. Trans., 1896, VolflSI, V, op. 7J5-746; " The Hysteresis of 
(ron and Steel in a Rotating, Mtqjjietic Tleid." 
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soft iron tested by Prof, F. G. Baily in an alternating fold. Stein- 
raeti has shown that over a considerable range, s^y, fcom li *= 1000 
to B v 14,000, the loss from tlie alternating cycle is approximately 
proportional to the I -6th power of the ntaxiimnn^mfuc turn. Hence 
the specific loss in-ergs per cubic centimetre of iron ami jH'i cycle 
could be expressed by the empirical furgtula'i/'f' l *, where r] is the 
hysttrctic constant of the iron in ipn>Uun. Since mn* ng Itr 7 
joule, the specific U »SS IK jotJvS is t 

h t: x nr ?# 



The value of rj varies with drtfcrontjdnds id in n arid steel 1*1 ween 
such wide limits as from 0 0015 to 0-J»K. It is reduced by careful 
annealing, but the exact effects of varimA processes or of chemical 
impurities cannot he said to M sell led, For average samples id 
annealed sheet iron or sheet steel such as are used in the construction 
of armaturetforcs, may he taken as ^ (HNK4, while for exceptionally 
good transferor iron it is as low' *s 0-0015. In big. 216 is shown 
the curve connecting the joules expended in arubk centimetre in 
eaeh complete cycl% with the maximum induct ion for a hysleretif 
constant of t) — 0 003, and a comparison with Fig. 215 will show 
the closeness of the cprrespofic*n*j of the calculated and the 
experimental runes uj> to /? 14.000 The right-hand scale 
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gives the corresponding joule* |*i rib. +A metal (I lb. ~ 58*5 to 59cm* 
of iron, iifrop*lin«' in the density of the material, so that ! joule 
|»or r. cm, approximately 80 joules per lb.). Jf V t -- the volume 
j pS 

of a given mass m r uble 11 nthncires. and/ is the number of 

fit) 

complete cycles |>er Mi-on \, tie- tola) hysteresis loss |ht second, or 
the rate at uliich heat is gem raled in the iron is 

f A.Y * 

H* h/l r r/fi' * 10 * . \\ jcnilt-s per snond or watts , (96) 

and tin- value of i/li 1 *|ir 7 or /* may hi read ntf the li lt-hand scale. 



» 4 

The exjionrnt of H is. however, not really constant over any long 
range, and when the induction is raised to a very high value, frhc 
empirical formula nf SicinmeU no’longer holds evi n approximately 
true :'the rate at which the curve rises falls off as the iron approaches 
saturation , 1 and eventually the loss reaches a nearly constant 
value (Fig, 215). The point vf flexure occurs in good soft iron 
at about B 15.01Kb anti the curve becomes fairly flat for values 

B above 2 d,tXH>. 'The tendency towards a constant value does 

• 

1 Prufcsaor Hiiilv, iilntr , VoJ, $». ( **. % tHi : ” The Hysteresis of Iron in an 
Alternating Magnetic Field." Sw ais$ r «/>*»-idtfy, Pmt. \V? M. Thornton, 
" The Hysteresis Iak*p and Index,? 1 Fl/ctr., Yol, 71. ]>. 214. 
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not, however, appear to !x* st* Asuly marked m all kinds of iron 
as in the case of steel* 1 . » . 

The,loss by hysteresis when iiuti is taken through an unsytn 
metrical cycle i< greater than when it is taken thresh a symmetrical 
cycle for the same*tolal difference llux-dcnsit v,* and increases 
with the maximum flux-den aty leached timin'.: the eye It*. 

| 9. Companion o! differont grades ot iron and itaei. l ot the 

practical comparison m* ihc« workshop ot the hysteresis l#>ss in 
different samples of sheet steel, the IivMelects tester oi Professor 
Ewing is tlie must convenient, insl mi nmi, i‘he specimen is rotated 
Iwtwocn the]Miles of a magnet frA i<• lot.tfe ;tboin the same centre, 
and the delict lion of the hit lei is compared with that pi od need by 
standards with a known hysteresis Ifl’-s. 3 A number ol spetimvns 
should he tested ill older 1o obtain an average leMlll. silver c\TH 
sample" taken flom l)ie same sheet show i oiv-idri a hie wna lions 
among themselves. 

An Hiding to the experiments of Prof, W il>*at. V II. Wijjson, 
and G V. O’lVll 1 a sample of" l.ohys ’ tis then supplied by Messrs, 
[nseph Sankey tV Son", Ltd . gave hclw»**n 0 !f,78u and 7,971). 

// IMHlMH Vl *' U\~ joules per cycle and pit i. tin. 

t 

or. say, approximately 

h (M«ll5 It*■* . [fr\ 

t Hiith hysteresis and eddv-current losses air ieduced bv alloying 
the steel with siliiony the Utter effect Ih ing due to the gi tally 
increased elect]ical toMivilv of the mati ii.d, oi whi>h mole will 
lie said later. A sample of “ Stallnv " supplhd .it tin* same time 
to the rxjM rinu nteis above quoted gave 

h (MKNflftt /P 71 c Up* between It • 629 H.05I1 

and <l /P 7 - * 10’“ between B <v(»50 11,500, 

4 . » 

which may also be approximately lepte-i nted by 

< h 0*011095 B l * < 10 “ joules per < y< lr and pel < , cm, r 

g • 

or mmv acimalelv with ij 4 rising frflm n<HM»?'45 to d-«K»11 between 
B- 629 and B Lt.480, For valued Ji from I7.»« t«» Ifl.AiHl. 
Mr. J, 5. Nichols*>n * found h UIX>125 B x ;,N / 10 '. 

• 

* 1 <p. tVxttie and Clinker, filnit , Yol. J17 T ]> 111 

* M. NownNaum, }n\ttn / Vul. -IH, p. 534 ; !•’. Jhilm, /: 7 ./., Vol. 33, 

p 928. • , 

* Jimm ILK., Vol 24 4 p 398, ami / W C h . Ygl ]2<i, Mav. 1896 

l‘p rrof. Fleming. liinlriftl liwttnffr, ^ol. 28, j> 3fi8. Allliongli a rotary 
mmlOn employed, th(*process of reversal ristcfiiMi'X llisil of 1 he alternating 
rather than of the rota tine J»eM« , 

* Elfctr., Vot. fll, p. 721 0908. 2Kt Au&t. 

1 Set Harrvtfc lV^wn and*1l.vihehL y ,l,l,Hi ^ K ! Vol. 31, p TIS ff. 

* Jour*. U< E. t Vnl. 53. p. 253. * • 

♦ i 
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Other teats of high-resistivity material * 1 have given 
h - 0-00155 to 0HXKI9 B" X 10* joules, 
and Dr. Kolbeti 1 has given for low-eari>on iron sheets alloyed with 
l 07, 2 28, 3 25 aid 3-5 per cent, nf silicon respectively the values 
of rj a*> 0 0014, 0 001 , O-00U9 and 0-0009. The above figures are 
cited to show the empirical nature of the exponent of B, and the 
great variations in the values of rj which follow from it . 1 

If : n an alternating field rj -• 0-001 and the 1 - 6 th power of B 
be assumed as correct (Kig. 2I6)\ A convenient formula is 



l-'iti 217.- -Total iufti by hystrivsis and eddy currvnls in am 
nUfrnftlinR field ;it 50 cycles per soiond. 

* * 
whence for any other value r/ it is only necessary to multiply the 
constant or the lower curve of Fig. 216 by ij' X 10 3 . 

But more usually the total toss from both hysteresis and eddy- 
currents in an alternating fiehi is measured by a wattmeter with an 
alternating current, 4 and the results are therefore partly dependent 

• A. Campbell, Joum. I.F.Ii , \ r nl, ’43, p. 560. 

1 Abstracted in Engineering, Vol. 87, p. 732. 

• Cp. F. Strt»ude. J*Av*. Svc. Proc., Vol. 24, p. 238, abstracted in Ekctr.. 

Vol 69, p. 606. 19th July, 1912. n * 

4 Seo especially I^of. J. l'psteiji, " The Testing of Electrical Machinery, 
and of the Materials for its Construction," Joum. I.E.E., Vol. 38, p. 33 ff. : 
A. Campbell, " On Magnetic Testtfig of Iron with Alternating uirtwt," 
''Joum. Vol. 43; p. 553; and L. Wild, " The- Testing of Transformer 

Iroft/' Joum, I ME., Vol. 46, p. 217 ; Dr. S. Guggenheim. E . u. M. t Vol 28, 
pp. 336, 337, abstracted in Elictr^ \^>l 64, p. 539, and other papers, cited by 
Prof. Mi 16s Walker in Specification and Dpign of Dyuamo-eiednc Machinery, 
p. 86. • 
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upon the thickness of the stampings. For purposes of comparison 
it is usual to take as the standard conditions a frequency of 50 
cycles per second and maximum B *=* 10.000 (Fig. 217). The 
total loss in watts per lb. by both hysteresis and wldyntinenN 
in an alternating jield should then not exceed the following 
amounts— 

Thickness .S^remi Mf.Jium ♦ 

f* twikfs. f.ohys. 9 J.ohys iifUfttHir, StaJtpv, 

0-025 - 2-00 1«3 • 143 (18# 

0-020 1-50 1-to MS 0-8 

0014 132 . H# * MM) * 0 89 

i * 1 

I he total loss is naturally reduced to alxiut two-thinls by the 
high electrical resistivity of silicon steal to which alhisinn has already 
1 Iwcn made. 1 )r. Kollwu's tests gave fur sheets. 11 - 020 * ilm k, ;dUiv?d 
with 1-07. 2 28. 3-25 atul 3 52 per cent, of silicon 1 -36, 1 -('l7. 0-93 
and 0-84 watts jx-r Ih, respectively. The specific resistance of 
these sheets was 28-7, 35-5, 50 and 59-5 microhms per cm. cube, 
and their increase of resistance jxr UK)* <*. jise 19, 14. and 5 per 
cent, respectively, so that the }iigh*>ilicon alloys have a low tem¬ 
perature coefficient, The resistivity of the high-resistance alloyed 
materials 1 ranges from 43 to 60 microhms as compared with 11 
to 15 microhms for ordinary sheet steel with 3 or ir-xo per cent, 
of carbon. # 

The specific resistivity of St alloy* is about 49 7 nuonlmis or 
* four limes that of ordinary stampings. Its permeability when 
carefully annealed cad reach*very high figures* such as 4,140 at 
li ~ 6,500, ar^l Prof. Wilson found 4,470 at B 6.050, Tims at 
low inductions the permeability exceeds ihat of the best iron, but 
this is not maintained at high inductions; r.*;. the permeability 
at H 13.480 may fait to 832 (Fig. 212). it H 140, Dr. Kitten 
gives values for B of 17,300, 17,000, 16.700 and 16,400, falling 
with the percentage* of silicon. 

Owing to tfie greater cost of alloyed steel its use in dynamo 
work at present conus into question only in the ease? id extra high- 
*pccd"turbo-gcneratys and turlm>dternators, where the frequency 
is high, and it is very necessary to*limit to the utmost the heat 
gegerated per unit volume of the armat«re. Dr. Kolbnn's tests 
.showed that with 3 or more per cenf;, of silict n the sheets become 
very brittle with little elongation, although the ultimate fcensilc 
strength increases ; such# sheets aro therefore difficult to stamp 
and are unsuitable for armature cqres. But with a lesser silicon 
content as in * 4 Medium Resistance^" quality, mechanical properties 

• # 

1 Cp. also A. Campbell. Jour*. LE E., Vot. 43, p. 560; Barrett, JHr>wn 

and Had ft eld, Vol, 31, p. 881. * 

* Prof. E. Wilson, V. H. Winton, O'Drll, Etedr., Vol. ft, p 721. 

* H. R, Hamley aiuTL. Rowiter, 'Elect*', 3rd Js'nv., 1811. 
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may be obtained iii comparison whb those of M Stalloy ” as shown 
by Midi approximate figures as the following-- 


S (.alloy 

M'llmm Xriht^v■■ , 
r.Mi, v > . . " „ 


vtt J («V 
U per i p-nt. 


Yield p>nnl " 
iu fans per uf. iw. 
• 25 

*l'» 


vz 


§ 10 Ewing ‘i rootecultr theory of mftfnttiixn. * At this pomi <i brief outline 

may I* 1 KiVHiot tin* moi|**rnMie,,rv of rn.v:ii’-|isiu w tin hMt t U< toidy account* 

fur the vrfv l.tn?r r.uit! 1 - *d t.u I* that base t»-rti brought !■» Iij;bt by c*\|«eri- 
iiuulat repeat< n 1 ‘ 111 *: tudenu>tr (fui'tv, o it i-< t* iim-r], start** 'Mill the 
buidamp-ut.il a^Mirnpiion ikil l he nioh i nlrs of a magru-iu I»m|v an* already 
ami .iU.iv^ |K'flli.Uii'Hl Miat'lets t i|il<iwnl with |x<laritv, amt Cli.it III*- iH'H'iSfi 
i.f imigm 1i/a(ion i.iri'i-a-i m Imams; tlu*v* small itiai'iiel-. ■»«> that tlir 'lifirUmi 
ol |fn-rr tLi.ijftH-lii .iV ' 4*Min uli-t iii*iti* or lr\4 w-illi lln* *hr*« lion of tin- man 
rlt 1 1 /itin* y dui- t<' s*nnr i xti-ui.tl i aiisc Hie a* Inal ilistaru t-i lelWvi-u 

IIm* M'litns *»l the in*>1>-* nt.tr niaipi* t*. an shji|him iI n<it to h' ( h.i\v 

l*V 111'- i ll* * t* uf iin -1 li.inn at »r lieatnuo. '-■» lii.it >-.n ti inagm-t is unlv 

capable of rotation fib-pul its i.-ntr*- Sun*-. however fa*, tin- :is« p-tidim; t nrtv 
l>I Ing 2* ft siniwsl. a si t mig iTutj*n*-lmm* inli-nsitv is p'lium'd C*< |•r*n|u« <• a high 
magru-lu »mtinli**n m u*m, it i. i-si'h-nt that tin* umli-t ill*--, v.inimt In- Jut 
fn I■ v Ins 1 to turn amt *.* r lh« nwlvr\ alone ifu dim turn of tin- iilagm-t i/illg 
tnlrtiMlv ; lor m itial i. n*. ♦•v»*ii when a m ik inaim-li/itn; iutensilv was 
applied, th<-% ivoulil all >iiifii: loiiml into Ini*- with it*. dim li«n, -tint tin- iron 
would At mu r Ins oinr ■•iiiin-K saiuialr-pl " lhe\ mils, therefore lAp ru’iio- 
Mum* r<‘**llaiiil, ami tin* rs-nt iiatni'- this itMranil w i* for Ions* .i siuiTihUiut- 
liloi li Jitjl. in UWO lie- r\|M iiuieius of I'rofpssor I-wiiii; l«i| him to n-lum 
to lhr- simplest h\p*‘thesis. iiaiudi. lli.il it i. Ih* 1 mutual atlrai lion ami 
repulsion i>| iin* uiolrj n!ar inagoMs \shnU supplies the *•om. aimin' fori:*', 
and hinder-. |h< ir mum rliair tiliitnniriit into jx rfc it p,ir.dh-h'iu with tin* 
inaKtieh/inp intensify. ft\ m* -.in** <>l a iimth-l visibly repi* sent lilt; tin* Mip(*i»sc-il 
molecular stuu lure of a niagm-tn Unlv In* » ,»*• able ’>» mutate alum-t all of thr 
plu-tn*uu*na ol iiia^m'ti-.m, an*l llii'iu** to iUIuu* iln* f*»n*iwtnij th*-orv * 

Tin 1 irolr-t nil**, ol a pirn* of non wlu-n i:i a neutral *tal«* ar * assinm-d lo in- 
an aliped in fjioups. iIkv ar** tmt n*-i i-ssarilv iiletitiial in * on Urination, 
hut eai 1i id I hem Uvt.ihti-. ami Im* noexh-niAi m.iCtu tu'etfr i t. tin- altraetiutis 
■vml n-jmlsioiis of ,.u!i mai;iii l U*iiin s.iti*«lie*l within its own KP-up. F*»r 
Muail i 1 is|.|al rntents of its ,'m'tiilK*i» the whole yronp i. tilaius Sl.ihle ; hut if 
the momU-Ts air tunnsl throin:h a Milh* fiitlv ifn-at amjl«-. aiwl thr i*roiip 
in ilistorleil, ««»* or turns* nv-mU'rs Un.iine mnl.iNi’, ami then i-<| ill librium 
IS liable to In? upset 1'tn 1 result is that fur a slight iiteie.vw of the ihspbne 
meat the whole ^nnip U*«.*mes broken up. ami Iiak t«> lx 1 partiallv or u-hollv 
rnarTiili^ed and itti*ii> 1 r«i I* il alter a new plan From the interna! >lnu ture 
almve ileMtiln-d it follows lit At when a group snbjeipsl to a magnp-luiug 
inteltsitv wheh is ni.nlu.illv m. reasei* m >trvtn;th front zero, the lirst i*tl«t 
is In prvttih*? a 'luNr slidleetion oflill the ifiiA|n*iU'lit im mU'rs, evept those 
which lie rx.v fly al*mg or npposdr to the ilirei liuti of II. amt the general lines 
of the ftnmp are -.till n-lnhe<l, This r or responds with th«- initial stagr tif 
magnetiiatmu (a, Tig 2<)4) when the intuition imreaM'sat a slight rate almost 
pro]xi^lHmal to the im n*Ase of the magnrtixing inteiisitv. 1 *ut nmv let the 
value of It tv increased still further; the mrmints of the group are still 
further iletlei led, until at last one*««r morn* U*r.»me unttiNf. The tic* which 

e 

1 For a further lluHirelual deveUipmciit, wlmA iiitnbim*s Arajen-'s hypo¬ 
thesis of nmlemW currents with Fwing's theory-. see the valuable pajvr on 
vii' IVrmauent Magnets \n Theorv ami lTaetiee." h\ r S. Ivvershisl, Ju*r*. 
Voi. 5tt. p. 7so. 

1 M (.'ontrilmtLous to the Molecular Tht'ory of Induced Magnetism," by 
Professor T'wing, now emtsKhed \?ith*aitdi^ims ip the samp asthor's Magnetic 
Induction in Iron and other ifr t iff, 1‘hHp. X]. 
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bound them are then raptured. *Aby the mlermok*ulor Attract )oils ami 
repulsion* they and their neighbours are constrained to charge, entirely their 
grouping, and take up some new configuration, the main lines of which agree 
more clbsely with the direction of li. In general, with a considerable number 
of different groups, this stage of invalidity will not hep-achcd by them all 
simultaneously at one given value of li, huj group alter group will gradually 
become unstable and break up. This second stage, when the groups are one 
after another passing through an unstable condition, lonesjumds to the 
sleep part of the ascending curve {#», Fig. 21)4) whm the uidiKliou increases 
at a rapid rate. If H be still further increased m strength, we have lljr third 
Stage- {c. Fig. 204)i.i» winch the alignment of the iiolecnles In-tomes gr.tdn.ilLy 
more and more perfect ; as each molecule is pulled more and more into loir 
with 11 , the iron become* more ami iimiv '* sarinilrd," ami it.s permeability 
decreases The deflections of the molecule ► in then Jh l td stage air, however, 
again Stable, as in the first stage. When the Natural loti ml rosily has t>een 
reached, all the magnetic molecules w ill n t lh«-m>Hves alt mg the hue nl 
direction of the magnetizing intensity without further interaction anting 

• ihrmselves. » t ■ * 

Hut now, if after stage 2 the intensity H is gi.uln.illy r nxu* .!, the sn.ipmly 
of the groups, having swung over to u new stable tontliinm, nl.uii lh«*jr m-tv 
configuration ; hew e, if the intensity U- reduced to u ni, ihi te is >nll a m»- 
sidcraUe amount of residua) magnetic induction, and it will ti-qmte the 
magnetizing intensity to U- actually reversed to punbur a loiiihtimi of 
instability m the new groupings, and s<» c.m>c-1 licit t- 1 Ik* in th-ir Inin uysei 
and replaced hy fresh lonhguratiunv Thus the gradual re moral ot the mag 
(ii-tiring mteiisity divs not lead In the exact and complete ivjn-titum back* 
wards of vvlmt hupp-mr-d when tin* magnetization was Umg m«teased; in 
other words, the movements ot the moireoh-a are not irsei-ible without 
< peal die at ion. (oven, however, a sull'nient mnidur of gnuips «t implying the 
Uxly, if the magnetizing intensity Ik- removed and reapplied, then, unless h 
lx* wry weal* there are, m general, some growjw whuh pass through a l un¬ 
til tina of instability. )vqv< tally will tills be the case if the pjere "I non in- not 

« perfectly homogeneous, and if, therefore, the lines of the different gjmi|»s or 
chains are differently mettled at j1i|fer<-nt pi a*ev This ex.ully (<’irc*]i<»mls 
with tliu observed fact's, that hysteresis is always prrscnl in all < yi.Uc change* 
tif if, hut that effect increases rajiidly for changes extending ;m*i the 
second stage of the curve of induction. The apjiro.u h to a steady value of 
the hysteresis loss m the third stage may aKo In* expected ; thus in Fig. 2fl4 
if the iron had reached its saturation intensity at point F, the area of the t (used 
curve should give the final maximum of the hysteresis, any iiureaw? of the 
induction beyond E simply carrying the molecule* with it m complete 
alignment withou^ the passage through fresh configurations. H 
The phenomenon W hysteresis is thus amply accounted I t. It occur* 
whenever cm the ascending curve a molecule is defiei ted from one stable 
position to another through a position of uislatality; since then, on the 
descending curve, the new position wilt persist until the change in the mug- 
netiziiffc intensity becomes so marked ^.x to Cause it tr* pass again through 
ft jxisition of instal*ht$, Full her, whei«*v< r a molecule pasvs through a 
position of instability, energy is dissipated m sh< form of heat ; its equilibrium 
bcitg upset, it acquire* kinetic energy in falling tix-r towards a new position 
of equilibrium, aboyt which it then oscillates and causes it* ncigldxmr* to 
oscillate. How the oscillations arc damjx^d out and converted into heat is 
^tot yet precisely known ; the damping cannot tic due to mechanical friction, 
and is more p^pbably due to •.some form <4 molecular eddy currents. That 
mechanical vibration should lessen the residual magnetic induction is easily 
explicable on the molecular hypothesis, 'since it will cause changes in the 
distances between the molecular centres., During tin* swinging thus set up, as 
the piagnetJ recede from each other their stability it reduced, so that they* 
respond more easily to Change ot magnetizing Intensity, and hysteresis is 
lessened. 4 

| U. Hfttmfb la 4miao imitora. - ‘jT that is required in any material 
for dynamo magnets is high perMeabilily under strong magnetizing inten¬ 
sities; its hysteresis and lo*> of energy ih consequence thereof are of no 

15 —{***) 
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mlertit to the designer. It i* different •''ben we come to the materials for 
armature core*, where Loth high pe/mtalnlity and low hysteresis are desirable. 
The out*tion of the hysteresis m armature* require*, therefore, some further 
CWUWcfaU'/fi. „ 

The results describ'd in $ H arr obtained when iron is subjected to a mag 
neli ting intensity, of win eh the direction is always along the same bur. 
although it alternates m 11 sense ‘ from a -j- to a maximum. Hut such 
linear id let nut ion of tu.gtif tzation, as it may lx: called, dues not stnctly 
corn*pimd to the lan- of the armature core of a dynamo. 

In (he helempnlar ring or drum armature, whether of an alternator or 
continuous < urrent machine, the inugm-tiiuig intensity paries also in its 
spacial direction relatively to the arma'.uii- core, and the characteristic feature 
is that the molecules of iron must adjust themselves t fiat tally to tins varying 
direction. As they are tarried round.with the armature, they would tend 
to adjust them.seIves continuously to the changing dim lion of the flux. 
The maximum strength of held incurs approximately midway hrlwtvn the 
polys, and the minimum at the ceutw of a pole, where the magm-tizmg intensity 
Mijily dies away to zero as we jamrlratc to the inner layers of a mie uf consider- 
able T.ulyd depth, Heim-, as the armature revolves, vw h mulrculir of mm 
in the 1 m iily of the armature core retaining its alignnunt wilh the direction 
of the field from jmlr to |jole, eVell while rotating, is Hi i-lfeit twisted through 
«m entire 110 lr id mw* in ea< h period corres|Hinding to the passage past a pair 
of jxili-x, 

|,12. Hjitataii in ft rpUting Add. It is therefore clear that to imitate 
the i:u*e nl a lieteropolar ring or drum ariu.itlire a jneie of divided iron must 
U' rotated in a constant magnetic held, or conversely a constant magnetic 
held mild In- totaled alxutt a .stationary iron armature?. »Hic logical deduction 
from I’ndessor Icing's theory unapplied to *u<:h a ease was first pointed mil 
by Mr Hwinlmrnc*. lhiriug the first or ijuad elastic stage l or responding tu 
a weak field, the hysteresis loss should increase but slowly ; during the 
second stage, vdiru tin? groups of lit tie magnets are passing llir/Ugli irregular 
combtuatumn, the? loss should nnre:u*e rapidly and approximately in pro¬ 
portion to the induction, but Anally jin saturation is approached the hysteresis 
curve should rein h a maximum and then not merely remain constant as in 
Hie cast' of an alternating tu Id, but fiend over aruf fall rapidly towards zero 
When the magnetizing intensity is never removed, and at each jmint in the 
path of tin; molecules is of such strength as to keep them in perfect alignment, 
even though rotated, there would be no opportune for them to pass through 
a position of instability and so to break up into new combination*. This 
view, which was first advanced as an objection to the molecular theory, has 
since befit amply verified by direct cxjxti incut, and furnishes additional 
evidence of the correctness of the theory. Indeed, by means of ait ingenious 
model in which * number of little magnet* an- rotated jh. a constant magnetic 
field we are maided to watc h the actual progress of the phenomena; the 
spasmodic breaking up of the initial configurations under the strain of rotation 
in u held ot moderate strength is rendered visible, and we can trace the gradual 
increase cd idignmeiit, mitil finally the field becouu* ol anliicient strength 
to maintain the magnets pointing always is a dclhiitc direction, however 
muchly tile frame wh.rU catties them is spun nmml. 1 In the early stages 
tnc hysUrmis loss of iron ngn rotating field, or of iron rotating in ft constant 
field, although of the same order as, in an alternating field, is somewhat 
greater, 1 This may be due to th< more gradual change of the rotating field, 
and afcso to the smaller choice in the direction of movement of the molecules, 

... ■- * i .. -• -.— 

1 The first experimental verification * f this fact was c< m mu mealed to the 
Ittitish Association J.>y l*rofessor F. ti Baily in 1894 {Electric tax, Vul 33, 

! ). 516), and a imxM illustrating it was shown by IVofesaor Kwing in 1895 
Elect*. t Vol, 34, p, 6711, and Magnetic Induction ir Iron and other Metals, 
Cha\>. XI) 

1 Cp. Holden, Eirelr.. Vol. S5> p.%3?9; Hiccke, E.T.Z., Vol. 23. p. 142; 
P. WYiw and V. Haiter, Journ. dt l*hyv<ik*\ Vol. 6, n. 5, andYi. Vallanri. Atti 
diU' Assoc. ElUttr. Hal , Vol. 13, p. 437, p. 1909. 
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io tbit some combtnauoiu offer ro*nt mutuce to di^ucutu^ and on tbrir 
rupture the oscillation is greater. 

In Fig. 215 the second curve shows lhe results obtained by Pro- 
fcssur'Uaily for the hysteresis loss in a rotating held 1 for a small 
cylinder made tip of soft-iron discs cut from the Same sheet as that 
for which the first curve slums the # loss in a:, alternating field ; 
the latter corresponds to a hystcnvic constant y almut IMKW, the 
former to a value sonn-what greater than ti 004 so long as the curve 
is rising rapidly. Indeed, f<>r /» -• 8.01 Mf or 10.000 the hysteresis 
ItiM* in the rotating field is some 50 per cent, higher Ilian in the 
alternating field. But when It the avenge induction across a 
section of t)it* rote at flie spot where if* lias its maximum value 
half flux of pule 

. , I eat lies 15,1100. the loss U-i miles less when 

cross section ft core 


;ou'«i p *t f. f" 
txr tre 



reversal takes place by rotation, and at aimul 10,000 <ir 17.000 it 
attains a maximum ; it thence decrease's rapidly and almost 
disappears at ft - 1 21,001), but with a slight tendency lui the curve 
to turn off as it approaches the zero axis.* In the complete curve 
of Fifj. 218 are given the results of tests made by Messrs. Beattie 
and Clinker 3 on shuet iron ; the injjud jHHiion up iu It 14,1)01) 
agrees roughly with a hysteretic constant of 01X13. The up|H*r 
shirt curve of the same figure is obtained Truin tesls made by Pro¬ 
fessor Baily 4 on an actual dynamo armature. Of two spi*imens 
Jested by Mr. Holden 5 up to It 8,000, one gave results agreeing 
fairly closely*with the upper and lh£ other with the lower of the 
curves of Fig. 21E, so thaj they may be taken as represent ing average 

1 Pkil. Tram . J 896. Vol 187, pp 71 % 748. 

* It. Ocpeks experiments (£f. u. M., Vol. 2fl. p. 325, April, 19J0) do jrot, 
however, confirm this. 

* Ehcir., Vol. 37, p. 723. , . 

* Ibid., Vol- 44, p.323. . 

* Ibid., Vol 35. p. 327. 4 
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cates. The exponent was found by Hr, Holden to vary in a number 
of samples froi^n 14 to 17, the average being 15, 

The flux in ft cylindrical armature core follows such lines that the 
total reluctance yhii h their paths present is a minimum. Between 
any two points symmetrically.situated within a pair of neighbouring 
poles the shortest path is the c hord joining them together ; if this 
were rigidly-followed, it would cause such a concentration of the 
flux along a narrow band situated some Jit tie distance below the 
outer jKiipbrry on an intcrpolar-.sec tion of the core that the per¬ 
meability wmitd be appreciably reduced rawing to the great density, 
and a longer path with higher i^rrneability would then offer less 
rrhict,m< r. The liras therefore spread out, but their density 

4 B , 



Fiu. UI9. Imlmiinivi m Miiihiih- l-'u*. *220. -Half cyclesut magnet* 

coni iuli'in.vl armature at ntifmml jf.it ion at different dc-pthi in 

radial lU-plhs and tlilfereiii trus* smooth core internal armature, 

mvtioin. 

i) « 

across any section never becomes completely uniform. The dis¬ 
tribution of the induction within a small armature core, both spiooth 
and toothed, lias been discii^H’d by I/rof. W, M. Thornton in a 
paper on “The Distribution of Magnetic Induction in Multipolar 
Armatures/' read at the meeting of the' British Association in 1903, 1 
and in a second paper on the same subject published in Journal 
IJC.t* (Vol. '17, p. 125), on which the following is based {cp. Fig. 
249). It is there shown that the depth within the cjre at which 
the maximum density is found is almost independent of the total 
flux and of the air-gap length.-but depends upon the pole-pitch. 
"*ln jt smooth-core multipolar machine it occxrs practically at*'the 
centre of a chord joining the joints at which the centre lines of 

1 Reprinted in Eletlruitm, 26th Anpijt. {904. Cp. also W, E, Goldaboroogh, 
rtojM Am*. LEE, Vol. t«t pp*l8L-5Q(l. 
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the poles intersect the periphery of the armature. Further, if 
the induction is measured at different depths in a Radial section 
of the core and with such radial section occupying the different 
planes marked A, 11, (\ I), curves similar to Fig. 219 are obtained 
in a smoolh-corc dr mature with particular values of the air-gap 
length an<l density, ratio of polar *rc to pok-pitih, and shajv of 
polo-tip ; with other values of these hitler quantities the curves 
are of different shuj*\ nut Tig. 219 may be lafccrt as a typical 
conduction to show the approximate values of the inductions 
when the polar arc is 70 per cent, of die no!v-pitrh and a mean 
induction of R f - 18,000 at the <vntic # of the inteipolar gap is 



221. Imhii tir jiw m mill * J i«; 222 1UU « vih-> of iniijpirti* 

tipolar ti*<*th*'«t armalart *<»rc aiwin .0 did* i< i.i 4'j'llis m multi* 

jvil.ir U«*1tn*d .irTU.ilim- m*tc. 

assumed in a Mnoutb-corr armature. Fiom these rums, by i«- 
plotting the ordinates for a particular depfa in relation to the pole- 
pitch are obtained the curves of Fig. 220, whu b show the nature 
of the magnetic cluiiige which the molecules ol iron at e;uh depth 
pass through in a half-cycle. In a t«»oihed armature «ore (Figs. 
221 and 222; the density over the seilion midway between the jkiIcs 
with normal ratios jif ill mature dimensions f.d!> more neaily in a 
sloping straight line, and under ihe pole the d< adty near the inner 
ec%e of the core may even rise again. 1 'Tin* true calculation of 
the hysteresis of a rotating armature would thus only be obtained 
# if the core were divided into a number of small coaxial cylinders 
and the hysteresis loss of .ach olemerttaiy < yfrnder passing through 

1 This rise is, however. 4>nly apparent; a* ignited .«»iit hy IW. \V, M. 
Thornton to the writer, the reason for it is lhat scan h coils in a radial plane 
und#r a pole are perpendicular to tlw flux at the outei face immediately und't* 
the slot of a toothed aAnaturc and also near the inner fare of the tore* but 
arc not so strictly perpendicular near th<! (entire of the core where the lines 
pass through tly cods in a more wlantipf,' direction ; heme the central bear' h 
coils give a lower than_thc true vUnt for tJir induction at right angles to the 
flat. m ' 
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its particular cycle of magnetixatitm could be estimated, their 
separate loss**‘being finally added together. Such a process would 
be unnecessarily tedious in practice, but the above analysis -serves 
to show that in *He exin-rimentally observed curve tor a rotating 
field of, c.R. Fig. 215 t«»r each **alue of the total flux-density averaged 
over the cross-sect ion J d the cor- between the poles where it reaches 
its maximum 1 value, Ihe separate losses in the indefinitely small 
cylinders are summed up for us in the jiurtuMtar cum* of the armature 
which was actually under test. The results are therefore to some 
extent dcjienclcrit up in the length of air-gap, ratio of the pilar arc 
to 1 hr pdc-pitrh, am 1 sliajxVof pole-tip which were actually employed. 
The air-gap in the case of Fig. 215 was 0 275 cm., ami the ratio of 



Fi<*. 22a. Hu\ di>l nluth« >\\ m rxtrmal annul tire core. 


the polar arc to the pole-pitch was 0066, which may bo regarded 
as fairly approximating to practical conditions. 

In the external stator core of a 15,000 kVA two-pole turbo- 
alternator, 111)in. in external diameter with a core depth of 25 in., 
one quadrant of winch is shown in section in Fig, 233, with the 
approximate paths of the flux, experiment • showed that at each 
level behind the stator slots, the curve of flux density from pole 
to pole was practically smusmdal at no load (Fig. 224). WTien 
the average density over the section of core where thd flux was at 
its maximum (»’.**« one half of the total flux of the machine 
^livided by the net arpa of the shtglc core-section) was about 18,000 
and *12,700, corresponding respectively to 12,500 and 8,500 volts, 

1 Ctrl J« Ftchhfim^r, " Flnx-dirtribufcoti in the Core of a Turbo-alternator/' 
Jovrn. Atntr, /.£./£., Vol. 39 # p. 6t>9, 1920. Through the courtesy of 

Mr. Fechhcitncr tlic writer has hr Ax enabled to reproduce here Fig. 223. 
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the density at the outside was about 0-9 times, and on the inside 
i'2 times the average (Fig. 225), showing that thf flux reached 
well l^urk to the outside of the core, in spite of its greater length of 
path thereat. The range of density was not therefore great. 




Fio. 225. *-Flux*denMfc’ in armatuf" con-. 

• i - 

| a Influence ot vibration and temperature on hystemik in 

dyne tPOff —mechanical vibration 1 to which an jirniatun* 

» Cj>. Phd. Trans , 1H96, Vot 187. pp. \\S-M 
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^is subjected when 1 running reduce the loss from hysteresis only 
slightly, but ( ,possibly the much more rapid vibration clue to 
tiie alternations of the current in an alternator armature* even 
when stalioiuryjnay affect the amount of the loss. Experiment 
shows that with increasing temperatures the hysteresis joss decreases 
by alwmt 1 per rrni.^or each It)' 1 C., so that when a dynamo is at 
work amt 11 vm Highly heated there may be a reduction of some 
4 per fcrtit, from tJie loss when cold. JJn the other hand, the body 
of evidence points lo the fact that after the iron has been subjected 
to continuous and prolonged heating at a fairly high tem]mature, 
such sisf5.V J <\, there is*,1 p«rm»nenf increase in the lo>s l (*' ageing "). 
The efleet of temperature in lie* case ot dynamo-, is, however, on 
tho whole of small moment. ■ 

£ 14^ Practical calculation of hysteresis loss. -In all calculations, 
Iherelore, as to the healing of armatures or as to the efficiency ol 
dynamos, some allowance must be made for a lu>s of energy by 
hysteresis, as estimated from the formula 


px 

m 


H v - h. ‘ V- . \\ watt- 


(97) 


In the teeth of a slot ted.annatlire, »)W. W. M. Thornton has 
shown 1>\ the analogy of sheain-line photographs that the direction 
of the flux through a tuolli while remaining verthaljv down its 
length under a (Kile gradually becomes oblique as the pole-tip is 
approached, and finally becomes horizontal or directly across tooth 
and slot miil-way between lire poles, 1 though never falling to zero 
(Fig. 2'ltJ ft). The magnetization is therefore rotating, and at the 
same time fluctuates between such limits as^U/KM) and 5,<HN) when 
the former limit is ihe maximum tlux-dcliMtv. In default of eohi- 
plctn knowledge of ihe l^ws governing the hysteresis in such a case, 
it must suffice lo fall hack upon the rota ting-lie Id curves of a solid 
core as sunmiAig up for us the average effect ft* a. £iven maximum 
value of if. Thus tor both the body of the core and the teeth the 
value of h is to be taken from the rotating-hold curves of either l r ig, 
215 or 219, and on this assumption it follows tjiat the distortion of 
the held under tout] (as will be described in Chapter XIX), al¬ 
though probably increa*tig*the loss, will not produce any gr%at 
effect, since at very high <Iens(Jies*the hysteresis lyss does not with 
a rotating field continue to rise. In order to be on the safe side, 4 
the density at the top of the tteth may b* taken as Upvalue for B, 
since with a rotating field in tjie teeth this will usually give the 
largest hysteresis Joss The process of Calculating is again 
jjpferred to in Chapte/ XXI, § 2f. # • 

I»continuous-current machines the frequency £iV/60 on an aver¬ 
age ranges from 10 to 40 for %m*l^outputs of a few kilowatts, and 

1 Cp. Professor J. Vot. 38, p. 36. 

• • 
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from 5 to 2D for large outputs *rp to 1,000 kilowatts. In dynamo** 
driven by steam turbines the frequency oven in fcir;e machines 
may be as much as 50, as would be given by 150(1 revolutions 
per minute with a 4-pole field, and such a frequency is not uncommon 
in generators drivon by steam turbiges through gearing. 

It will be found that in the ajxive and ,v\n in the cast? of 
alternators with the normal frequency of 5ti the total I*ea1 generated 
by hvsteras is comparatively small, aud^only becomes <>h-«uni¬ 
que nee as increasing ihe heat thu, to other and more serious losses. 
Hence Ihe permeability nf 4 thc armature stamping is of more 
importance than 1 heir hysteresis ; ami siico die one bears no direct 
relation, as far as is known, to the other, it i> 4 to the ]*m inability 
that attention must lie chiefly dilated. 
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11. Economical timiU to flux-density in macnefs.-Tkit the 

number of amjmrt-tiifiis required j>cr unit kngfh of iron in order to 
produce a certain flux-density tlir^Mi. increases very rapidly as the 
density is it>*!f increased, is sufficiently shown by the H-H curves 
of 1 ■'i(^. 205. 't hus in ilir case: oi iron foigings or steel castings, 
while » density /f Jfi.tXHt may la* obtained with 20 to \M) ampere- 
tnns for rueh centimetre length of the circuit in the iron, it requires 
newly treble "that number of aii^HTr-turiis jht centimetre length 
to obtain the increased density of 18,000. But tin: excitation of 
the field by magnetixing mils implies, not only a certain fust cost 
for the copper wire. used therein, but also a continuous outlay 
dm.'ng the working of the machine ; for elect rival energy is absorbed 
by the passage of the am] teres through the turns, so long as the 
machine is at work. Kvidcntlv. therefore, there nui-t hr some 
approximate limits within which it is economical to keep the value 
of the flux-density in the field magnet. If the: deiwilv falls below 
a certain nmumum limiting value, the iron magnet In comes too 
heavy and expensive ; in a self-exciting dynamo there is the further 
disadvantage that tlie magnetism may be niislahle (as will be more 
partic ularly described in Chapter XV’I'f, § 10}, and the machine may 
ben >me •ditlirul t 1o excite at iill. On the other hancfdf I hr density 
in the magnet be pushed up to a very high figure tin* ampere-turns 
required thereby will bear an exces>ive proportion to tin? whole 
number, and will involve too large an expenditure either in the first 
cost of the copper or in watt-hours during the working of the 
machine. Since, when designing a dynamo. 1'u number of lines 
I” be carried by the iron of the magnet is approximately known, 
we are enabled from the above considerations to determine approx¬ 
imately tin* area which the ticld-magnet must .present for the flow 
of lines. For magivts of foiled ingot iron or cast steel tlic limits 
within which it is advisable in keep the density may be set mt 
B m ; •• 15,500, and Ii m 17,9V0, a g<md intermediate value Wing 
7,CXH> ; while for cast iron the limits are 5,500 and 9,000, 
a usual figure being /f w - 7,300. If pressed beyond these values, 
the horizontal divergence of the curves, even with materials of 
the same class, becomes so marked i hat any slight inferiority of the 
*u*tal may kail to difficulties owing to the impossibility of increasing 
the ampere-turns sufficiently <to obtain the desired voltage and 
4 small error in the •stinwte of the densities will, in fact, 
produce a disproportionately ^reat 'cn'or in the result. 

•134 



mU^MAGNETS 


43$ 


11 Cbmpt rii oo ot out iron .with torfod Iran and east aM.- 

From the above average values for the density it follows lluii 
the weight of ;t cast-iron magnet us compared Wit 11 Aat ot a forged- 
irun or cast-steel magnet to carry the same flux must Ik* roughly 
as 21 to 1. \V her ^considerations of weight and bulk are paramount, 
it is therefore essential to build up # the riuc.net out of ingot-iron 
forgings or rolled bars or to cast it in steel. The forgings in their 
rough state as they come frpm the steam-hammer may be cheaper 
than castings i. f good soft iron but whiii’muc] lined to the required 
dimensions tJieir com is so fur iucieised that l!u*v f lm'iune more 
expensive per hundredweight than cast iron ; yet I his increased 
price is more than fountci balanced by the lqxsei total weight that 
is required. In the same way, stee] casting are considerably more 
expensive than iron, bill not mole than twice as covlv, so dia^ h M * 
the same magnetic Work, when their le^sei weight in n a lulling, 
lesser freight, etc., are taken into account, the balance id advantage 
is again in favour of their use lather titan of caM iron. 

On the other hand, castings of euiqplrx^ shape call be pioducrd 
easily and cheaply in iron, and of such accuracy id dimension that 
they require hut little further mat hitting. In large machines an 
additional set-oft which •sometime- countcth:d;m< vx the highci 
cast of cast iron is found in the shujie of Ms flux-density curve as 
compared,willi that of foiged iron or <,tsl-stccl. A itdeicnu* u> 
Fig. 12D5 slums that the curve far cast in in nvei the walking range 
rises in \ gentle sweep, while that fat hagings or cas^ steel has a 
marked point of llcxiitc and then rises wiy slowly. Hence in the 
case of a dynamo which has to walk aver a very long lunge of 
voltage, if forged iron or steel are employed for the material of the 
field-magnet, and these ate worked an the shxp put of the iuivi* 
for the lower limit of Voltage, the inuchiifc- may prove magnetically 
unstable (Chapter XVH, $ 11} ; or it tin- walking puinl be i .iiriecf 
further up, ;itfun*’.ue and unexpected m< tease in tto* exciting linos 
may be required to give tJ k- higher voltage* should the material 
prove slightly inferior to the t uive. Hut with tast iron both the » 
low1.*r and upper lupus of voltage/, an be leached with male certainly, 
and the designer is less at*tlu: Uleicy of the quality of the materia), 

• | 3. Composite magneto. It is evident that a composite magnet 
may be made up nut of two or more materials, by which their several 
advantages may Ik* more or less completely combined, «yid such 
is. in fact^usually the The*poles or magnet-cores carrying 

the exciting coils are almost always cillier made front rolled bars 
of ingot iron or castings of si eel, or built up of thin laminated 
sheet-steel stampings. The volte-ring of the ordinary multipqjpr 
type of Fig. 6 is then eilher of easy sled or cast iron. In t hi*latter 
case the reason for the employment of cast iron may be either the 
necessity for partially tomltining the advantages of stafuliiy of the 
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voltage and accurate compounding over a long range (as above 
mentioned) with economy of excitation by means of the joint use 
of two material*, or the fact that it is desired to cast the supporting 
framework or bedplate of the dynamo in one with the magnetic 
circuit. In small belt-driven dynamos (up to an output of about 
5 kilowatts), in which the cosf of machining bears the largest ratio 
to the total tost of manufacture, it may frequently be advantageous 
for tfie bedplate and plummcr-block pedestals, which form a large 
item in the total «ht, to be a singly pasting*integral with the lower 
half of the yoke-ting ; as so much of the casting is not required to 
I Hi magnetic, cast iroi\ .then becomes the most suitable material. 
But still more often in the case of the large Malors of alternators 
the greater depth of the cast-iron frame is an advantage as adding 
1 m its mecliani*al strength to ri~ust deflection. 

Since the permeability uf any easting much reduced if it be 
hard, it is inq>ortant, in designing the sliape of a easting tli.it will 
form part of the magndic circuit, to avoid any thin flange or narrow, 
outstanding edge ; sueli a pirn: of small area is likely to lie chilled 
duriAg easling, and in beenme hard and magnetieally inferior. 
For both mechanical and magnetic realms, all corners and pro¬ 
jections should be well rounded or, if need be, east massive, and 
subsequently machined to the required dimensions. 

I’he design, in shojt, should be such lh.it there is Ho j^lispropor- 
lionate ditferruce in ;uea between different poitions of the same 
easting, whether of iron or steel ; otherwise as it cools unequal 
contraction takes place, and hollow cavities or sponginess in the 
easting are difficult In avoid. l ; or this reason, in larfje multipolar 
machines, even if enlively iff cast steel, it is on the whole better for 
the massive poles to be cast separately frun/thc yoke-ring. 

| 4. Comparison ol sectional shapes for magnet cores. - I he 
same economical considerations which determine approximately 
the sectional area of iron required to cany a given llux, namely, 
tile first cost of the copper coils and the allowable expenditure of 
« energy in magnetizing them, also bear upon the geometrical shape 
or figure by which the required area is obtained-—only, however, 
in that portion of the magnetic circuit whereon the magnetizing 
coils are actually wound. t ■* 4 

Since for a given area the circle has the least perimeter, the 
theoretically best section which can be given to ihe magnet cores 
whereon the field-winding is placed is the circle ; the length and 
resistance of the wire for a given number of Uirr^s embracing a 
given sectional area have then their minima values. For this reason, 
ii^the multipolar coqlinuous-cufrent dynamo as Fig, 6, or jn 
multipolar alternators similar to Fig. 71, the ma^iet cores, m t m are 
often of circular section. Sucl^a circular core will require to have 
a rectanguRir pole-shoe at the one erd in order to present a proper 
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area oi polar surface where thejines pass tliroagh the air-gap, and 
<o to minimise the reluctance of the mlerfcrric space between the 
iron of the pole and the armature core. Instead /therefore, of a 
circular section an oval or trapezoidal section of magnet cove may 
be arranged so as \o approximate to the requires polar area at the 
air-gap, or again it may l>e mo-e oJoimmicaMo give the magnet 
cores a rectangular shape, to avoid an undue amount of overhang 
of the pole-shoe beyond the, magnet cove. 

Next to the circle, the oval'^iipuscd <*f a square and two semi¬ 
circular ends and the square must be linked as tlx* myst economical 
sections, their [trimeters ttetnjy rcsjx.*clively H»8 and Mil times 
that of the tilde containing the same area. Finally, the larger 
the ratio between the length and breadth of .my rectangular figuit 1 , 
the more uneconomical becomes the shajH* as veg ids leiigtg <u 
wire in each turn encircling it, II the two sides c-j thi teibmgulai 
be as 2 to 1, the perimeter becomes 12 times that of the equivalent 
circle, while for a ratio of 3 to l it iiurea^s to Ml. When wound, 
therefore, with the same number uf tmgis apd the same si/e of wire, 
the weight of copper employed will l>e increased re>j»ilively 20 
and 30 per cent, above that of the circular magnel, and the lesistance 
being simiLirly increased* the rale of e\|K'tiditiin a of eleciiical 
energy to produce the same excitation will likew’M* be Increased 
by 20 and*30 per cent. If 1 iio same rftaieiny ir> to he jitained in 
all casts, the area of the increased length of nipper wile must also 
be increased, making in all, for a ratio of It in I, an mg case in the 
amount of copper of nearly^0 per cent. A larger iatio, therefore, 
is very uneconomical, and is seldom requited in ordinary designs. 
Rectangular magnet-cores with sharp edges have a higher leakage 
jfcrmeance than equivalent round or oval poles, 

| 5, Length of the magnet-core. Sim* the maintenance of the 
excited field during 1 lie working of tin* dynamo requites 1 in: con¬ 
tinuous expenditure of energy at a certain rate in •waits, and this 
expenditure, being simply due to the passage of the magnetizing 
current through the electrical resist am e of the wire, appears as heal * 
in the coils, radiation, convection, and condivijon must 1* relied 
on to avoid such a rise of temperature in 1 he oils as will endanger 
the insulation of the field-winding ; J this is seemed by so dis¬ 
posing the coils that they present a considerable moling surface to 
the air. As soon as the dynamo i< set to work the tenipefcdurc of 
the coils logins to risc,abovc that of the surrounding air; this 
gradual rise rrtfitinues until, finally, the rate at which the heat is 
generated in the coils"is balanced by the rate at which it is dissi 
pated under the ^ombined action of radiation, convection, ajjd 
conduction. After reaching this Iqnit the lemperature of the coils 
remains stationary so long as tl* renditions arc unchanged. The 
effect of rotation, ot£., Wing dependent on the entire cooling 
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surface of the coils* it is evident that the rise of the temperature 
of the coils above that of the surrounding air may be kept within 
any required limit by allowing a due proportion of cooling surface 
for each watt expended in the coils. The effective cooling surface 
of a given toil wduml round an iron magnet will tlepcrwJ on a large 
number of conditions, tjiilinijt icoealt ulate, since the mass of iron 
itself to some extent helps to 'dissipate the heat by conduction, 
and draughts of air set up by the revolving armature may increase 
the convection more in rmc machine than in another. Again, the 
depth of a winding of many layers will largely affect the lcnq>erature 
of tlie turns forming thgjniddle layers. ‘ Roughly sinking, however, 
in machines of similar type the comparative cooling power of a coil 
may Im? taken as proportional 1o its external surface, reckoned as 
the r product fit its external perimeter, multiplied by its axial length, 
plus the^area of the end-sin faces at tlie top and bottom of the coil, 
the cooling influence of the iron inside tin* coil lidug regarded as 
bearing a fixed ratio 1o that of the exjmsed wire surface in normal 
cases. Thus if the over-all dimensions of one rimilur cod. as shown 
in l*ig, 2B6, ate a diameter of 15* and an axial length of H}*, with 2|* 
depth of winding (mean length of a turn 39*2*), the external surface, 
namely, 

p 15 X 7T x B 5 :«)ti 

2 X lij X :»'2 ~ I9(> 

502 sq. inches 

will be a measure of its cooling power;*;! nd is'to be reckoned in our 
present connecti<in as its cooling surface. The basis for the estima¬ 
tion of l lie cooling surface having lieen thus derided, ex lie nee 
guides the designer to a certain ratio which the cooling surface in 
ana logons ease's must Ixgir to the watts in order that the rise of 
temperature of tfie coil may not exceed a certain assigned limit. 
Of the values fi»r this ratio more will be said iiwl'intyter XXI. If 
the rate in watts at which energy may be lost in the held wimling 
is approximately determined by the elticiency required in the 
machine, the length of the magnet coils need only be such its to 
provide a suitable amount of cooling* surface proportioned to 
the rate in watts at wl^iclf beat is dissipated in them. Mere 
generally, however, the settlement of the number of watts which 
may regarded as an allowable rate of dissipation in the field 
coils will be a matter of compromise between the efficiency of 
the machine and the first owl of the copper wire ; smee the smaller 
the number of watts expended in ihe fielfl-coils, the greater the 
weight of copper wire required. Further, the total number, of 
ampere-tums required for the fjekt excitation is not exactly known 
until the length of the magnetic, circuit has been determined ; 
experience, therefore, alone ^can ■* fifrnisl! guidance for a first 
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approximation to the required length ol coil apd a method o( trial 
4nd error must be resorted tb m order to determine exactly the f 
ampere-turns on the field, the loss of energy in inagn#tizing the field, 
tlie dimensions of the coils, and their weight of copper. Wlien. how¬ 
ever, the designer has assigned an adequate lengl L to those portion* 
of the magnetic circuit whereon th# coils ar\to lie plac ed, he will 
complete the magnetic circuit in a* direct a hue as jnissihle ; since 
any length beyond tin* minimum thus requited unnecessarily adds 
to tin* reluct anv, ami is therefore nneoyiomh .il in lioth i«o» and 
copper. 

| 9. Types ol fldd-mMnots. hit of the great v.iWtv of forms 
which have been tried for tlie tield-mAgiit-t system «d dynamos, 
practically ■ mly three 
have survived, namely, 
the multipolai lorm ♦ ,| 

Figs. 6. 227, etc., tnr 
coni inuous-enn ent 
machine^ with exlemal 
yoke-ring and internal 
radial pules ; and for 
alternator*, the rAvrw 
of the Iasi-mentioned. 

either with ludial poles 

• 

projecting from an 
internal yoke-iing 
(sdient-|>ole tyjv). 4 t 
with a smooth-surface 
cylindrical rotor, as in 
1*u rbo-a It er ii.it or* 

{n O !l->:l l i e » t pn 1 e l lr. -J-JU 1„»r |y.1r ilvtialhu. 

type). # 

Considering* the magnet system of rnullqxdar n.titmuoii.- 
curront machines. the yoke-ring is usually divided on the hoiizontal 
diameter to enable the upper half to be removed vertically for , 
examination or removal of the armature, The lugs by which the 
two halves are bolted togmher may either lie on the oilier periphery 
qjf the yoke-ring nr. if the increased wHth lie # a» objection. may be 
arranged on the side flanks of the ring, as in Fig, 226. On either 
side of the lower half arc usually Vast projecting brackets or feel 
• nf sufficient width to give stability l^> lh« machine (Fig. 2(J(J or 227). 
They are flailed mi the under side, and by them the mat June is 
bolted to the base-plate ; a steady pin on eiliter side registers the 
e^act position, and thin dislarite-piccos ol siieet metal may be 
inserted underneath by means of which the height of the npgflct 
may be adjusted in relation to tljpWinature. Very large machines 
may be divided into four .quarters, and occasionally,* when the 
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machine stands between the cranks of a steam-eng. ne, the yoke¬ 
ring is divided on a vertical diameter, so that the two halves 
be drawn apart horizontally. For small machines the yoke may 
be of cast iron, since the section of metal required in cast steel 
makes the dcptU of the ring somewhat thin in appearance, even 
if it be strong enough mechanically. Or if steel is preferred, the 
yoke may be given a channel or.T-sct tion. as in Figs. 227 and 228, 



Kiii. 227. MullijKflar magurt frame for v i tmt mi A ms-current dynamo. 


in order to obtain sufficient strength against landing, although 
in general a slightly rounded section, as in Fig. 230, gives the most 
pleasing external :ip|vnnfhre. The separate magnet co.es. usually 
solid of cast steel or cut off from rolled bars 
of ingot iron, but occasionally laminated, are 
either fastened to the ring by screws or less 
often are cast into the yoke. The facing? on 
which lhe pole*are seated in the first case arc 
u'ually (of cheapness of manufacture bored out, 
Ftu. 228. Section llw ptte tops being themselves rounded to ah 
of yoke. equal ladiut (cp. Fig. 200). brtt may also be 

♦ planed flat. The proportion of magnetic leak¬ 

age in this type is but smalt, aful it is ecdhomical in bodi iron and 
copper, especially if the section of the pole^on whfth the bobbins 
are placed is circular, The shape of the yoke-ring may be a 
polygon with a number of sides depending on the number of 
poles *(cp. Fig. 226), but is mott usually made circular even with 
four poles, (Fig. 200). 
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| 7. Oftmfflih ftflnf poltt.— In, order to obtain fixity of brush 
position in continuous-current machines under varying loads and 
sparkless running in difficult cases, such as high*Jpeed dynamo* 
driven by steam turbines, or machines to give a very wide, range 
of voltage, auxiliary commutating or reversing p<nfs, or as they ate 
also called “ inicrptries/' are an»mdS*pensaMe‘addition. Even in 
ordinary cases, when the speed isVd vei v nigh, or the machine 
large, they enable windings which would otherwise fie of dyuhtfu! 



ly umuja . i ~~ . 'I -. ' c | 

l‘iu. 22 t T“ J 2 ft)-kilowatt dynamo with commutating pole* 

success to be more readily employed, and a n< * saving in cost can 
be effected ; thus the use'of wave instead of Jap windings can 1 h? 
emended to larger outputs, and the advantages are 1 hereby gained 
of an armature.cheaper to manufacture with a more open and 
mechanical winding as well as of a commutator with opc» lugs, 
* small diameter and jxirifljieral speed, while the freedom of wave- 
windings from Jocal currents due^ to unequal pole-strength* or 
incorrect centring renders them better adapted to short air-gaps. 
The use of commutating poles is therefore now common throughout 
almost the whole range of con tip nous-cur rent machines, both 
large and small, owing to the hppfo^Tnent in commutation which 
they give. * ' * 
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Such poles project from the yoke-ring of the field-magnet in 
the middle of each interpolar gap. so that tlieir pole-faces are pre¬ 
sented to the artnature core on the interpolar line of symmetry 
(Figs. 220 and 230}, ami the brushes are so set that the coils when 
short-circuited afe brought under the influence of the field betwirn 
commutating i>«>U? and aniilltur*. They are introduced here as 
forming part of tin* duigru t system, and to anticipate their fuller 



l'lii. 2H0 SiK'fHfle t and pltimnu*r bli>i ks of fiHitiimnii' 

ciuTi'iit dynamo having commutating juiks. 


discussion in (haps^XlX and XX -th£ir function is to supply the 
right strength of reversing'field so as to cause the current iq a 
short-circuited coil to pass smoothly from its value in the one 
direction to the same value in the opposite direction during the 
commutation period under all conditions of load from zero up to 
the required maximum overload. They are excited by magnetizing 
coils which are in series with the armature winding and carry the full 
^mature current so that their effect may be proportional thereto ; 
or ill some, cases the current out of each brush arm of the multipolar 
machine is taken directly rcund k an adjacent commutating pole 
before it joins the combined stream. ' 

^ * 
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The nature of the flux distribution is indicated diagrammatical!}* 
in Fig. 231. This shows the application of comjjuPating poles 0 
to the* two-pole machine, but the same holds in principle for the 
multij*ilar machine. It will bo seen that the conynutating jx>lc is 
essentially a strip from the leading ec|^e of the adjacent pole trails* 
tarred backwards against the direct ipn of rotation into the centre of 
the interjHdar gap, this detached jHutioij living fui pished with a 
separate exciting toil. 1 » * ^ » 

The design and excitation of* Summit at mg jndes will be further 
considered in t’haps. XIX, ^13, and XX, $$ 41-45, hut it may here* 
lx* added that it is not ricccs>ar}*ihat thf length of the com¬ 
mutating pole-faces should be equal to that of the armature core. 



l ; l*i ‘Jill. Mux itislrilnilion uilh < ••Amiul.il ini’ Jiulrv 


• t 

It may often with Advantage lx* shelter, and an extreme case of 
this which is occasionally advisable is the iis<- of only half as many 
comqiiitiitiiig |>oles as there are main fiolcs, every oilier inlerpolar 
gap being alone furnished with u«<o]ruiiu1niiiig jxjle (rp lug. 273). 

§ 8. Types of internal &eld-magnet| with salient or non-salient 
poles. —The change of ihe ai mature cot t? from )ls position as the 
internal rotating mcmlicr to its position as external stationary 
♦member in alternators docs not involve any radically new failure : 
its chief effort is that with jVirallel-sIded slots the maximum flux* 
density now occurs at the lips of the teeth instead of at the roots, 
and excessive t(Kith-saturation is jiot to be feared. Neither docs 
thefthange of the field-magnet system from external stator to internvl 
rotor involve any great change of principle, provided that the number 
of pole-pairs is fairly large. But Mifti the number of )>o|f*s is only 
i Cp. Dr. R. Buhl, !i tfcircling., Vol. 37%j» m 
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4 or 2, as in modem steam turbo-alternators, the 11 salient-pole " 
type oi magnet yields place to the M non-salient-pole ,J type with 
cylindrical rotor, bavin# its exciting winding distributed in slots 
on the periphery, so that when finished a perfectly smooth surface 
is obtained, 

bur comparatively small load*, of lOt) to 750 k\V. at suc !\ speeds 
that 4 or more jades are required, the " salient-pole " construction 
may rtill hold its own, but for small-loads even so low as 100 k\V 
if only 2 poles are required, there is great difficulty in finding room 
for a shaft of sufficiently large diameter, and the " smooth-cylimler ” 
rotor Ixrcomcs preferable since the field winding is disposed more 
nearly on the ]h-i iphery, and a solid rotor in one with the shaft and 
of greater stiffness can Ik* use'I. As soon as loads of 1,000 or more 
k\V. per |x»]fc an* reached the cylindrical rotor shows its superiority 
even with 4 and 6 jxilcs. 

An intermediate lyfxi which marks ihr transition between the 
salient and cylindrical types of bigs. 2112 and 234 is found in the 
subd rotor with purul'el slots which has been employed chiefly by 
the American Westing!muse Company. 

In its J-polc form a solid ingot-steel rotor has four salient poles, 
right round the edges of which are nulled a few slots to receive a 
winding of thin flat copper strap (big. 2113) ; the shaft may be forged 
in one with the core, or the cure is romjHiscd of two forgings, each 
carrying one length of shaft and tin- two being bolted together. 
Although advantageous in the way of ventilation owing to the 
wedge-shaped spaces between the poles, this 4-pole type suffers 
to soma extent from the limitations ol the sahrntqxdc type in that 
tile possible sectional area of pole and of winding copier is very 
restricted. When the same parallel-slot type is applied to the 
2-polc machine, the solid steel core can Ik* made cylindrical, and a 
number of deep parallel slots ate milled along its sides and also 
across its ends ; in these are wound muter tisisionjhc thin copper 
straps, two or more at a time, the cylinder bring mounted on a 
turntable during the operation. Tu carry the wound core and at 
tile same time to clear the end-windings, it lly n becomes necessary 
to bolt to either «nd a separate '* head " or driving flange, which 
must be of bronze to a^oid short-circuiting the magnetic ilux.tind 
to this again is bolted the required length of shaft. In both the 
4- and 2-^vle forms the excit ing coils ale entirely embedded in metal 
and well supported throughout tiffin length, and the limiting 
conditions are the maximum stresses in the core, which occur chiefly 
in the overhanging strips of metal and the tips at the edges of the 
'■zone of winding. 1 4 

* 

1 See Milos Walker, The S£tc\U<aI\o>> and Dtugn of Dynamo-Electric 
Machinery, pp. 366 and 373, mul csjh'clUIx' 3. (.% tamtnc M Ifcgh-Speed Turbo- 
altcrmitors, Tu i«j. Anter. i.l\ jj ., Vw. 32. V\. X, p. 1. 
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| 9. Machm i ftil strength <*Arid-magnet butt—Between the 
armature core and the polar surfaces of the magnet *v*ry consider¬ 
able attractive force acts ; thus apart from the torque exerted on 
the stationary part of the dynamo by the rot sling part when 
current flows through the armature* the magnet requires to In- 
rigidly and firmly supported, so as*! opt vs*t\v the requisite cUsuance 
and avoid any liability of the poles in collapse upon**lie armature. 
'Hie attractive force betweeipopjvisite sqiijiie centiwetres oPa pair 
of divided surfaces is proport irMl to the square of the number of 
lines that pass through froiy one >q. fm. to the othh, i,c. to the 
square of the density in the gap ; ami f*>r ;i Yield of lines uniformly 
distributed over an area of A xpiaie cenlinfetres the total pull 1 
ill clvnes between the two surfaces i4 * , 
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If A )M 1m? given tlu: value in >qiuue inches <1 Hie a lea of one 
pole-face, tlu^cotresponding pull exists between ea* h ]*dr pitch 
oi^the armature sinf;m- and the oppoiti pol lut e, and lias to Ik* 
withstood by llie mechanical rigidilv of ibe magnet as a whole. 
A distinction i>, however, 1o be drawn hrlwirii '.inh 1vjk*s of field- 
magnets as haw a geoinetiical shape which i-» symmetrica] about 
the armature,*r.g. rigs. 22B and 227, and those w)ii<li are not 
geometrically symmetric id. in tile (nimci when the armature js 
exactly cenlral wiihin the boie. the total radial poll i «und the whole 
circumference * » 
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is symmetrically distributed, and leaves no unbalanc ed pulUti any 
*one direction. Such a condition is 4o U* legarded as tin.- norma) 


1 As given by Werk Maxwell; for-'the establishment of the repression, 
cp. Alexander Gray and J. I*. Pcrtsch, frans. Atner. I ti.Ji., Vo], XI, J*art It, 
p. 1417. It is strictly applicable only when the gapjs at nght angle* to tl*r 
direction of the lines <4 flux ; and when Ihr opposing surfaces an large as 
cornered with the distance between lhei». so lhal the induction in the gap 
is appreciably uniform and tliere is nestle Vakage (cp JJu Hois. The Magneiu, 
Circuit. Chap. VI. § 1021; it is. however, sufficiently accurate for the ordinary 
purposes of dynamo calculations, \ 
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state, but m many cases it is noLepsily secured and maintained; 
the consequences of departure from it will be further considered 
in §$ 13 and J 4 under the head of a closely connected subject, namely, 
the symmetrical distribution of the held. 

But in field-magnet* which are initially unsymmetrical with 
respect to the armature, i\s e.g. t)i«j two-pole horseshoe with magnet 
below or above the armature, there is a tendency for the lines to 
crowd, jnto the lower or upper half of,,the armature, since the path 
which they then follow is shorter «nd of less reluctance than that 
of the lines which pass on into the upper or lower half of the arma¬ 
ture. Thus in ihe former case even if placed symmetrically within 
the bore, the armature when the field is excited exerts a pressure 
onjts bearings greater than that due to its mere weight ; and if 
the inequality Iwtwccn the upper and lower halves of the fields be 
considerable, the downward pressure may reach such a value as 
to bend the shaft and perhaps cause serious heating of the journals. 
Bspedally is this likely toorcurin a short-air-space dynamo, wherein 
any displacement will J.>ear«a large projMirtion to the total air-gap ; 
for the slight bending of tin* shaft downwards due to the weight of 
the armature and any wear in the brasses id that tourings intensify 
the effect, by combining to, shorten the length of the air-gaps in 
the lower quarters and to increase that of the upper quarters. On 
the other hand, if the magnet be above the armature, t ho unbalanced 
pull will U 1 upwards, and will tend to lift the armature, so taking 
its weight off the bearings. 

Generally speaking, the symmetrical types of field-magnet are 
to be preferred, but whether symmetrical or nnsynynetrical, it is 
evident that in all cases a stationaiy magnet system must be 
securely boiled down, and its whole structure must be sufficiently 
rigid to wit list ami any mechanical stresses or vibration due to the 
working of the machine. All jointed surfaces must be securely 
bolted or screwed together, and the effect of a jwist qn the magnetic 
reluctance of an entire circuit may here be shortly mentioned. 

110. Influence of joints in the magnetic circuit— If a bar of 
iron be divided transversely in two, and the, two pieces be then 
placed in contact a«d magnetized, it is found that the total reluc¬ 
tance of the iron is slightly'increased owing to the influence of the 
joint, and this increase in the*reluctance may be expressed as that 
of antaiv-gap equal in area to the cross-section of the iron, and 
having a certain width depending on ti'e exact conditions of the 
experiment. I f the two surfaces of contact are suck as are produced 
by ordinary planing or other machine-tools, and the joint may be 
regarded therefore as, comparatively speakiqg, rough, the width 
of the equivalent air-gap is equal to about 0-005 cm., which is only 
reduced to 0-004 cm. when Ihtf'ttvo pieces are squeezed together 
under a very considerable pressure ' If, However, the two surfaces 
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are carefully scoped up. so thai they are true pbmes, the equivalent 
width may be taken as 0-0035 cm. when the joint tj npt compressed, 
although under the influence of considerable compression the effect 
of the joint may be made almost entirely to disii[ipe.tr. It would 
seem that the inerwased reluctance dg e Ui a i 'im is in cither case 
due partly to the interposition c ti $ thin blip of air between the 
surfaces, and partly to an alteration in the molecylai structure 
of tlie iron at the joint, which deer east's its permeability. 1 It 
will be seen, however, that tlieriitct oven of a comparatively rough 
joint, although appreciable^ is not ctf great magnitude, and is 
especially unimportant in the fan’ of 4In?'magnetic cinuits d 
dynamos, which necessarily have :iir'ga|>s Inside which the equiva¬ 
lent air-gaps of joints may be regarded as negligible Absina^oi # 

* fewness of joints in a magnetic cxrcuxt must tin id >u f be iyg,u<H*d 

as a minor consideration from an electrical punt <■! view, and is 
only of importance as bearing on tin* mechanical strength of the 
design, and as lessening or increasing the first cost of the machine 
to the manufacturer, 9 • » 

$ 11 . Proportioning of ana s at different parts of magnetic circuit, 
and in different , materials, 'Hie question of joints when? 
different portions of a magnet, jmsMbU' one of sud ,izi>I tip* other 
of cast iron, are united, leads naturally to the llmd «pi>*stioik— 
of the suitable projmriioning <*f the sectional areas at dilfennt 
parts of tlie magnetic circuit. It is highly militant that the lines 

• of flux should never be " ihmtiled/’ as ii is Icmied, bv’having to 
traverse in the course* of their path a poll ion winch is of insufficient 
area ; any su*h " throttling M implies a high drnsily, and therefore 
a large number of ar^pere-turns for each inch in length of the 
contracted portion. If the disproportion between the areas at 
different parp* cjf tin? magnetic path be cari iPd If»excess, the amjhTe- 
turns required ^o puss llie lines through the area of jlie narrowest 
part may form*sulafy r e a proportion rtf the whole numlwr as almost 
to nullify the advantage of the larger so tion at othei juris. In 
magnets comfiosed throughout of irf*n of the simo quality the area 
of section should lie approximately identical at ad parts of Ibueirnul 
which carry nearly tin* sunc total ijuju^x i of li*es ; and, generally, 
in any portion of a circuit of the same rnagr/Hu: quality the minimum 
number of ampere-turns is obtained»if it lx* worked at a uniform 
.density. Hence in designing, the distribution of the line# must 
be carefully studied. * 

When tlte linA pass from one i* terial into another, as from 
forged iron or steel into cast iron, wr vice verui, as may lx.* the case 
in Pigs. 6, 226, the a^as of the two parts should lx* so proportioned 
that both are worked at a suitable density ; hence it follows from 

» Vide Ewing, Magnetic Induction *iu Iron and other Metoit f 16^: and l>u 
Bois, Thr jtbpidiV Circuit, Q»ap 1X,^M 1^1-152. 
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$ 1 that the area of the cast iron should be more than double that 
<>( the forget/ iron or steel portion. Further, tlie nature of the joint 
should be sud] as to give ample area of contact, and afford an easy 
passage from thy one metal into the other ; e.%. in the dynamo 
of Fig. 227 the rasl-sted cop's may be drawn, lightly up against 
machined facings on the yoke by moans of screws, or magnct-cores 
of cast steel or of tluji sheet-steel laminations may have a cast-iron 
yoke tyist round Ihnn, suitable precautions being taken that the 
cast metal is not c hilled as it flows viamd tlie cores, and that intimate 
adhesion «»f the two is secured. 

In applying the* above, rules i< must be borne in mind that 
" throtlling ” is a re hi live term, and under certain rii< uiiistanco a 
high density anc) somi'wlial contracted area of certain pajts may be 
legitimate ; especially is tins the case with the magnet -cores which 
are actually encircled by the magnetizing coil,. On the other hand, 
JKirtiuh, o! iht* magnetic circuit which ate not overwound with 
copper, especially if of cast iron, which iscomparutivt'ly me\|>c!i,ive, 
may often be advantagemidy given somewhat tavidi prujhxlions 
and worked with a low density. Thus, in Fig, 226 in which the 
lilies divide after passing through each mn\ lujjf oiilv passing in 
either direction through Ihc yoke rmind lo the next jxdr, 1)ie single 
cross-tii *n ot a cast-steel yoke may lie more than equal to lialf 
the area of I he steel magnet-core, so that the thix-deishy in the 
yoke is reduced to ll.iMHt. When the material of the yoke 

is cast iron, amt m this pait gives strength and solidity to the whole 
strut lure, it may be economical to enlarge ils area to considerably 
more than equality with the area of the steel pole, sti as to further 
lessen the density and with it the amprir-tijLrris on tfie field. 

112. Magnetic leakage, in all calculations for the pujpose of 
dotei nulling the pioper'-area for any taut ion of the .magnet, the 
question of leakage lints must not tie left out of sight when estimating 
the density. As was |K>mted out in Chapter H/§ 1*1, lines of flux 
will pass between any two points or surfaces between which there 
exists a difference of magnetic potential, and consequently in all 
dynamos tlu-re is a considerable number of lives that leak across 
front one pole to another without passing through the armature 
core, where alone their presence would be of use. Thus, in the 
multipolar dynamos of Figs. 22b and 227, lines wtlHeak across from 
one ptJe-piece to the adjacent pole-pieces on cither side, between 
the magnet cores, and even ffom the hpper part of a/tore into the 
yoke ; a few of those paths aac traced out in Figs. 236 and 237. 
The presence of stu b leakage lines* in ihe air is shown in a disagreeable 
manner by the magnetic effects which they produce in watches, 
electro-magnetic measuring iiwtrumerits, or any piece of iron held 
in the vicinity of an excited dyifcimo. 

If the magnet is to be worjked witli uniform density throughout 
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its length its area of cross-section should stnrflv m „i: , 

rssB * 4 * *■? “ i ' , “ - »«'Vf Irit r 

the ch>ef fall of magnetic potent, a! <)f c ur , „v,-r V air ^’ 
and the armature between them, it v„tl K- a Mm xi V »telv suflWwnt 
(rp. < hapter II, § J-U ami t hapter XV^ §5) in i, -;ml all the leakage 
linos, as Aiming lietween pftl<; piecus ■ opposite sign, ami 
then tn add them to the linos through the annulmj- m order to 
estimate the tola! numb^i ofdinvs which pnssihiough the n^givt, 
Jhe density, therefore, in the ti^gnct wifi be r<*ckon<‘d as npiat 
to the stmt of 4*t andd> 4 . \ c .<h„, divide*} hy tin alea nHhe magnet \ 
and, if the density to Ik* apprcbimutely lire same in tlio iron of 
tin? magnet am! in that of tlie annul mr imc, the area of the 
former must In? larger than tli.it ofihr armature, « 



J ; u?, IEM*.- Ma^nriic )< of mullip’Ur iiia^in-l wiih -.iluril jujU-s 

r.Urmu] to annulnr«*. 


Since it is thejrim of the designer 1o inlmv to a small proportion 
id the total n'iinflot* of lino> <!>„ passing i [trough tin- magnet, he* 
will .avoid bringing a in’ largo mass of iron into c1om> pioximily to 
the ijdf-pieces. In especial tlie magnetic leakage will be largely 
affected !>v the nermos or olher wise of the i-t-d-plate, bearings, 
or the fly-wheel of tire inacliine, since t]u > - by 4 heir comparatively 
high permeability lessen the total reluctance presented by any 
leakage path, All sharp edges c'jjiduro to magnetic leakage, 
^specially from the poles, and are best avoided where practicable. 

With commutating pole* leakage fakes place on one side of Jbe 
commutating pede into a neighbouring main ]>ole of opposite sign 
under a M.M.F. rising gradually Ui equality wifh the sum of the 
M.M.F.'s of one main exciting coil and one commutating fidd-coiV 
and also into the yoke at the root d the commutating pole uhder 
a portion of Us own M.M.F, # Ow#»g*to the greater surface of the 
Commutating-pole in profjorlion (n its^ectwin and the high M.M.V. s. 
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this leakage p&ys a much moj^ important pari than in the main 
poles, and if not properly calculated will lead to the iron of the 
auxiliary' pole being made too small; it will tfteif become very 
highly*saturated, and proportionality of the reversing field lo the 
current will be entirely lost. 

With as many commutating j*^es £s there aiV* main poles it will 
be found from Fig. 231 that loi the same Wful main flux the 
average density in the mainjxdvs is practically unaffected Jyy the 
addition of the 1 commutating piles. In the armature the small 
portion of the path between a commutating jmlo and an adjacent 


main pole of opposite sign can it- 




lilies, where <f> f js the flux 


of the reversing field, and the remainder of the path to a main pole ( 

* O * * » 

of the same sign only carries - —- lines. Similarly, in tile yoke¬ 

ring, if<$ r is the total flux of the commutating }xde including leakage, 
this number of lines is added to the flux carried bv the M-ct ions nf 
the yoke (li,lF}> and deducted from the In tinns (A.A'}, which 
complete the circuits from one main pole to another, mi that the 

• . * i (J> r <Jj 

two densities are proportional to and , t If, 1 here- 

s* * 

fore, the section of the armature core, and sirnil uly that of toe yoke, 
is sufficiently huge so that they are far from sit malum, in each 

• portion the two changes largely counterbalance one another, and 
the percentage effect \>i\ the* total rxeitaiion required for a given 
main flux is <ynaU; this is in practice usually arranged tg tie the 
case, but as will be seenjater (Chapter X l X, § 13), it is a requirement 
lhAt needs attention in the course of design, 

| 13. Sjnfmetnc&l distribution of the fields in the air-gip. 
Given a symmetrical tyjx* of field magnet to start with, any diffid¬ 
ence in the detjsiVicA of the fields in the air-gaps wifi yield an un¬ 
balanced pull on the armature wliirh may easily reach such an 
amount as to bend 1 he shaft. This will result to a greater or lesser 
degree in such macjiiius as those nf Figs 22b ,»nd 227 when tin* 
bearings of the armature Abaft wear and allqw the core to sink 
stoutly out of its true i enlral posilion jn the bore. The present 
requirement that the flux should symmetrically distrihuletl in 
the air-gaps must not, however, In; interpreted lo imply 1 t*at the 
‘two halves pf cadi held «m«st be *milariy distributed ; in fact 
when the dynam» is at work on loa<^ (as will be explained in Chapter 
XIX), this condition is'ncver secured, lor in the " trailing " half 
of oach pole-pitch, tjic flux will be denser than in the ‘ 4 leading " 
half, these terms having reference ty the direction of rotation‘and 
the want of uniformity in the ilax-distribution arising from the 
reaction of the armature cu/Vertt-tupis ppon the field. What is 
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implied is that if the flux is crowded more dcnsc<y towards the 
trading edge of one pole-face, every pole must be similarly affected. 
If a dividing plane be taken on any diameter, the distribution of 
the fields on the one side will then be the same as on the other side 
of it. The importance of this arises in the first place from mechan¬ 
ical reasons and secondly from lliq electrical effects due to inequality 
in the pole-strengths which have already been mentioned in Chapter 
XII. Assuming that there is no initial defect in the magnetic quality 
or setting of the poles, in a bipolar field dhpl cement of the 
armature along the centre fine or axis of the |)ufes will produce but 
little effect, as compared with displacement along the neutral line 
dividing the intirpuljir gap between the Two |*>1 es. But in a multi* 
jkilar field, although displacement along the neutral line has the 
greatest effect, yet any displacement along the centre line of a pole 
will produce considerable resultant force, the two effects becoming 
more nearly equal the greater the number of jtoles. The magnitude 
of the unbalanced pull then remains to he estimated in the following 
section. 

f 11 Unbalanced pull from displacement of armature in a 
multipolar field. —If d be Ihe displacement of the armature from a 
central position in a vertical dirertion due to wear of the bearings 
or to incorrect mounting, and a he the angle which any radius line 
makes willi the vertical, then if the magnet yokir-rinr retains its 
true circular shape and suffers no deformation, the addition to nr 
subtraction from the length of the air-gap /„ at the extremity of 
this radius is practically ~~ ff , cos n, 1 1 

The guiding principle for the distribution of the fjuxes between 
the several magnetic circuits under displacement is then that in 
each section of the yoke and armature core or of stator and roior 
cores in which the flux hi furcates the loss of magnetic potential 
remains alike and the densities therein are similar Tliis is required 
in order that the flux may reach the maximum pofsiidc for the given 
mini tier of ampere-turns of excitation, ami it is in nature secured 
by a shifting of the bifurcation points until in each magnetic circuit 
through yoke and core the fluxes are alike. In the normal case 
without displacement the flux divides along Ihe centre line of a 
magnet pole, and if thisjwaS retained under a downward displace¬ 
ment, the highest section of the yoke and armature core would 
carry Jess flux than the corresponding lowest section. But if the 

1 Through the centre of the displaced rotor tiraw any straight tine inclined 
to the vertical at the angle a. Froiy the true centre of thu bore of the stator 
of radius R v , drop a.perpendicular on to the straight line, which js thereby 
divided into two equal halves, x 4-1 -f A cos <j *= *' + t - A cos a, where 
.# and *' are tho intercepts between the circle of the berc of the stator and the 
displaced circle of the rotor of radjus r at tho two ends of the straight tine. 
Subtracting, 26 cos n «=*-*' ■= Up? difference between the air-gape. The 
only iiiaceuracy is that t and x* are dot .strictly radial to the circle of the 
stator bore as well as to the *otor> as tf»e true air-gap lengths should be. 
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bifurcation of the flux instead oof occurring opposite the centre of 
a pole is in every pole 1 shifted round nearer tow^rc^ the shortest 
air-gap* the flux in the upper most section of yoke and armature core 
is increased and that in the lowest sett ion is decreased until equality 
again holds. But this alteration of th$ distribution lias not altered 
the magnitudes of the fluxes in ca«h of ihc 4 >tden*ires, gaps and 
armature teeth which form a series reluctance, save in so far that 
the total flux is thereby *iaiirtallied at its jnaxinmm. 

if, therefore, in each circuit * kSm A T f is deducted AT, 1 .! i\, 
the remainder AT, ■ AT t -ATj - XT, r AT, AT m is left 
for expenditure over the teeth, air-gap iJiiiV magnet cute of each 
and every pole. 

What is required, therefore, is a*set of pailial magnelifalitm 
curves for each of halt the number of pole**, Mich curves MVimniftg 
up the am pel e-turns required over the series reluctance of teeth, 
air-gap and jioWure for different values of <I» A in one pole-pitch, 
due allowance being ab<> made for leakage in the magnet cores. 
Assuming then the uniform value of A i ,m f \ .*J i v for each magnetic 
circuit {which must be afterwards < lu cked}, the ordinate to the 


pailial magnetiz itii>n curves for any value of AT, AT C -A'J W . 
gives as many values fm as their ale pole-pairs, and bv traversing 
horizontally across to the ail-line of each pole {big. the corre¬ 
sponding Virtues of .1 T tJ . The ait -gap density at any }M>inl x under 
a pule is then given as 

' l 9 .idct>sn 

This granted, it follows that unites I lie displacement be Very 
large as compared will‘the ait-gap, the final value of .17 r | AT, 
will diverge Ixit little from its normal vah^\ and we may at Mite 
use tiie lattct to give AT f - AT r Al\ to be expended over the 
radial path of ihcfi y< te. ' 

Only half ihiT number of jxiles need In* so treated, since with 
a symmetrical held they will be representative of die other hall, 
anil the imbalanced jnill tlienee deduced by resolution of the radial 
puli up or down the vertical line id displacement will only need to 
he multiplied by 2 to obtain the total? JhusVig. 238 shows the 
p.dr of partial magnetization curves for a 4-pole machine with 
interpolav gaj>s on the vertical, in which as an extreme casjj with 
l $ ~ 0 34*, b lias turn takeix as high as 50 per cent, or -- <M7*. 
The air-gap jfcnnpance for any pole is then 




p j ; (47,) cos «j' ^ ■ 

integrated between the limits of the*twu edges reckoned from the 

• J » 

* When the diaplacement i» akoiff An mterpolar line uf *ymmetty. 

1 The symbol* and results Chap XVI XVII! are here anticipated. 
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vertical, where R 9 is the radius to ita pole-face, and L t — its length 
along the axi£ Qf the armature. Since L f . R 9 X the polar angle 
<fr in circular measure = the area, A, of one inde-face in cm., 
and p •= ftirlp, the permeance of any pole-face is thus 

pA l' da 

p-ni 9 J 1 f {A:lg) a* a 



which in our 4-polc case with^? — 0*7 wilt be integrated between 
76 5° and 13 $'. - 


'* The length of air-gap when plotted in relation to a reckoned from the 
vertical gives a curve concave wh«n viewed from the horizontal tutis for the 
upper pole and a curve convex whetf wewed from the horizontal axis for the 
lower poll; the average value for l ( i»tht refort rather lower than the value 
of fg at the centre of the pol^in t*!c former case, and higher in the latter cose. 
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r' a. 2 tan ’ f) + tan “ 

Vl - (W.) 2 

and r :-j 2 tan 1 /Lri^) Un a . 

V 1_ + 0/y 2 . 

da v* 

-. ft* a lower pule. 
W,) cos a) \/l {W,)' 


/ d>t r 

. ~ --•••• fur an upper p<*l<\ 

A f- (d,y cos a y/> -* W* i '/ # j i 

The ratio of the true permeance to the normal penmviiKe All $ is therefore 
in the four-poll 1 caw with ft &•• (1-7, 


Mi. " V» - f ° r ,,W " 

and 

0-7tt \/l - 1 * 1 

In our case for the assumed value of d? t -= tV5 

Jl I (d;l f ) ^ J. 732 i /i - tiiigi K , 0 S 774 

\ i - (<5.v » , V i + <*y 

yV" tdjtj' - t>'8«6 

For the two limits respectively, tan nj 2 ** tan 38 25* or tan (1-75*. - 0*7883 
or 01184. I fence for the lower pole, 


and for the up]*5 pole 


From the relation 
$ 4 =» 1-257 9t: 


tan 1 

1 :*i5 

** 53*76’; 

v\ t i *- 

107-52* 

- 1-88 

tan 1 

0*2055 

i 

* 1161* 

i «''»•» *■ 

23-22” 

0406 




»%•-* 

- * u» 

■ . 1*474 

tan 1 

<1-455 

a. 24 46” 

. *1S » 

4H-92* 

0-855 

tan' 1 

1 l) 0685 

----- 3 91°; 

’!• » “ 

7-82 e *. 

- 0-1365 




l 7l 1 

- r- rJ » - 

: 0 -7185 


1257 ^ W'xMx'KH 


x * ^ for the lower pole 


♦ .™ —* 0*7185, , , 

. = 1 257 AT, £7n y 25i x 0i!M X f-r the »PP« pole 

arc obtained the two dotted aSr gap lines of Fig, 2AX, and by calculation 
for several values of d>- the full Urn: curves at. completed. 1 

• 

Carrying out, therefore, the above,prw us* for half the number 
of poles, for any given excitation A T f - AT t T v , the air-gap 
AT t for earj^ pole is found,* and thtnee can be plotted a curve 


speaking it would require to be worked out for the different actual lengths of 
air-gap when the displacement is great. 

1 With a rotor having a distributed winding or in an induction motor, 
the magnetic difference of potential across the air-gap increasing or decreasing 
in step* as tbe exciting dots are passed £ot£d need to be taken in each pole- 
pitch instead of the constant* A T § ‘ which holds for the pole-faces of wound 
salient poles. - 
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for tlie flux-density H m along the faces of the several poles in relation 
to angles measure*! from the vertical, as N, S in Fig. 239 for the 
lower and upper pule of the 4-pole machine. 1 This curve is a 
broken one, wjth as many portion* as there are poles ; the fringe 
of lines at the |Hile-edges js neglects!. sinew the formula for the 
magnetic pull p re supposes tkal the flux is radially directed and 



Fiu. -Air flay density ami majjnrlu jnill in 4 pule dynamo 
with armature nut nf centre, 

c 

conhiied between the ;> r ea of the pole-face and the corresponding 
area of the armature surface. Tlie total verticil pull due to any 
one pole is propurttonal to 

r u a * * 

I /*,*/,/Up da, * 

■'<*1 

•wjjcrc <i, and <t t are tlie angles which radii V) the pole-edges make 

If 

x For simplicity the varyinjt 0 vatugp of A T, x anti A T <a are here assumed 
to be rt placed by n fair average vjdur timfer & polr. its m the ordinary 
vnkulation of a magnetisation «iuvv. 
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with the vertical. A second brdkta curve must therefore be plotted 
graphically, which gives 71, * cos a in relation to. a* Integrating 
ilie an*s of this cu ve fur all the pules on one side of the vertical, 
multiplying by K 9 .I r . and dividing by 11.183,#U>, we obtain 
half the total unbalanced veilica^ puH, 1\ acting downwards on 
the rotor or upwards on the lower half td the stator, V u is thus 
proportional to H 9 . (.m*as l v 12 • A « . .) or cnnsulrnng 

half the uum> uy to p iif mimlicr, siikv /♦ H h <f> 1, th?aie.i 

of a pole*face, 

p J / ’ 
ll.UU.UOO 


^ areas* 1 


lh 


* where <j> ts the allele subtended by lhe*jMdai an in unldai measure, 
and the expre^ion in the hiuckct is vptnally a mean Mjuafe tlnx- 
den-ity which if acting directly ■ <u one pole-hire would give the 
same pull. lt is tins value 1 tien which would tnjuiu* to be taken 
into account in addition to tin- w eight of theaimaiuic m calculating 
the deflection of the shaft, as m ( haplet XUl. 4 9. 

It shoith] he noted lhat a determinaliun of l\ s at several jhhuis 
from separate totjfl magneticition-eilives for a nmfonn air-gap 
of the length at each of ihe pomis dnJ-s imt meet the cast*; still 
less its determination bv graphic mri-ditu li<»n or oilier method 
based on a single magnetization iwive foi ihe uotmal air-gap. 
# When the squares of flux-deiisiiy are in question, as i mu Inaccuracy 
as is reason,d>ly ]»ov-iU1r imu*J be sought in I heir delennination. 
The only constant quant it v is 2.1 /, < *n i-.idi magnetic meuit as a 
whole, hut with liltle less truth .17, .17 f - .1 i\ may he assumed 

as eoristaiit f*»r each p<Hr and air-gap separately. In calculating 
the partial magnetisation-curves fm ihe |*ylrs allowance must Ik* 
made for thc4act lhat the magnetic ddfeieiicr o( [»o ten Hal between 
the pnk-lips wilkU 1 alxoe tJie normal m the jmles with lengthened 
air-gap> and Ik4ow ;l in those with shortened air-gaps neatly in 
pro|K»rtion to ihe divergence from the* normal air-gap. 

If the whole of the AT f were expended over ihe air-gap—a con¬ 
dition only approached at wry low densities and with it on of very 


high permeahiliiy- the broken curve of would fall into a gradual 
swefp from a maximum at the lowest pole-edge to a nniutimm 
at the highest poV-edgc ; and for increasing values of AT^, the 
mi balanced puli for the sanui displacement d would continuously 
nsc in atnounf. Hut theimpmtani juant is that for increasing values 
of and .saturation v( the iron,*not only doys the proportion 
which A T 9 in the several poles lwars fo A T f decrease, but it decreases 
more quickly in the liioro highly saturated pole with the shorter 
air-gap. Hence by the action of irqp*saturaiion, AT fl for the pole 
with shortened air-gap is less Ibaasf T. t for the pole with increased 
air-gap ; in our case they<are resjyctiv^ly tfflSO and 6,750 out of a 



460 


CHAPTER XV 


total of 10»4UU » A T h and an aM;rt*gc flux of 6,575,000 lines per 
pole. Thereby is maintained more nearly at the same average 
level as & sl , and at the lower edge of the upper |>olc the density Is 
actually much higher than at the corresponding upper edge of the 
lower pole (Fig, 240). producing an upward pull as far as these 
edges are concerned. *. Indeed, fOr small displacements, the densities 
at the* similar*corners of the two poles are not far different, and it 
is nvi$ their centres that the difference rt*ally ta(p*s effect. Thus 
since for increasing values of ,17/ the effect of iron saturation acts 




Pro. 1140 - distribution 
of tluX'ileiisitici. 


powerfully to reduce the unbalanced 
pull that would result if the whole 
of the excitation were expended on 
Mho air-gap, the unbalanced pull 
reaches its maximum value for some 
particular value of the excitation. 
Trial confirms this and show* that 
it is reached at a comparatively low 
excitation 1 (about 5.5tW A T t only in 
our assumed case). Since during 
the process of exert at ion the ampere- 
turns per pole must pass through 
this value, it is evident that the 
machine must be sufficiently rigid 
in shaft and frame to withstand 
the diydacemeut that will then arise. 

I-et .1 T 9 rinvv lie expressed as a 
cei tain fraction c of iflr total excita¬ 
tion per jH<e, i.e. AT g --c.AJ' r 
faking then any two points symme¬ 
trically situated in tfc lower and 
upper quadrants of. a machine with 
4 poles ora multiple f»f 4, the density 
at the two points will be reside lively 


H„ = 1 257 . ‘'* 7/ ami 1 -257 f, ' l7/ 

£l l g ~dcosa l, \d cos a 


cAT, 


L §1 I f 

or in terms of the normal R f * 1*257 before displacement, 

r *9 , 

* f 

r 1 * ‘ * f 

W„ ~ - J — fend B. t ~P, j . T - 

1 - r cos a * I f- 7 -cos a 

• ' *9 • » *# 


1 Aa pointed out by C. K. Fkfr. Rfi<i*w and WtsUrn EUtirician, 

Vol. 5#, pp, 83-4*. and by K- Koaeabcfg, Tram*, .4m*r. 7 E.E.. Vol. 37, 
Pmii II. p. 1435. * / * 
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The imbalanced pull therefrom *>r similar points on one side of 
llie vertical is promotional per sip cm. in the 4-pole machine to 


B,' 


c, c 


I -. a* a 

*$ 



d 

-i j a* <i 


cos r/ . . (99) 


and for the pa ir iHdc-Wc*, e«ieh of .1 cm. are.v the total is 
equal to ♦ 4 t + 



• . (UNI) 


or double this amotizHfor the two ]uii*> >>i piles nn the two sides 

*2tt 

of the vertical. Sitae t)u: pdai aic ^ >. ft. tin 1 total mi bal¬ 

anced pull may he expressed a** a frailimi of the total pull in a 
radial direction on all pile-faces ; tlms 


V 


IV >: -« -p . \ . r 

II. 1 HH. 60 U * fh A 


H.IKH.UJO 

where C has ll* value within the square l>ia< ket for 4 [mb * find for 
mojc pota*requires the addition of < orreqnaiding pans of expiessiuiv* 
for symmetrically situated pole-pairs. 


N T r>w 


C cos *i . da I" f da I dft -i 

j 1 • y Aj* ^ ^ 1 ? fo- n ) * l i fI ) J 


which % — 1 

o 


f' t- . sin t 1 ' 

l 9 

9 




(4/y t>' i- sit> f/ 
{1 •* <6// # ]*i 


where v‘ has the same value as above fp. lH7j, 
Similarly * * 


/ cos 41 rfa l 9 f* f d$ £ da 

^I + y un*a\ ( l H- £ o*s ^,(l b p ton 


which is 


t o . ^ • • 

♦ ■ » - fin v * 

v * ^99 ’ I - ibfl f ) v + sin f 

, WV ~w,v y 1 > J W,tV J SI- (AftJ *5 1,1 

where v hw the same value as above (p 4*1^. • 
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With *.g. 4 pole* ahd fl » 0-7, the lor a are 76.5“ Ind 13-S* And 

C VW {o '” 1 v ” ■> f [Mn *'»•• ' 8m v '»«)"| 

wl u {wr 1 ""J, 


(*?•* v Ji*> *«*) 

V ^ 7 L {> ('Vgv* . 




( 102 ) 


With H poli-s 


C - 


y - (Jj/fjjij •« [^( c ^ k m iv f ‘ *’ i^t>) l N« r „ M • mu v * , t )| 

/c t \ 1 I 14 * 1 

l ( c J j(AVg) (»•*, I) *’•?») f^ii «’H ■> >■» ‘«7i7j 

I ( | f'V^i ^ { ‘ it ik 1 ‘*i ! Nm 1 n u - St »)| 

* . I ( c) j r *i»j 'im'icifjj 

• . . . (IU2*> 


In our case 

\'W 

W B )V 

- D-65, and 




(or the 

lower 

I Mile 

1 

. JU7 52“; 

Hill 

«- # M i 

u55;m» 

• 



f.U 

\ 23-22*; 

Mil 

l ' 11 i 

d-3646 





«" i *,• i 

Mil 


tJ 50* 

for the 

up| er i 

Kilo 


48*2 

W 

>4tl 

‘ > 

u-7>:tK 


■ 


«'lli 

A 7-S2' 

sin 

«‘n i 

u-i:i»? 





*'« 1 r* % 

»,IT1 


H-6I7H 

1 hell 

re 





• 


( s . 

- i r ‘ V 

'[ 4 >' 

1-474 I 


■ 1 !•' 

7185 

mil 7.0 


Vr) 

l 

tM*5 

.1 ;'' L 


u 65 

J 


>: 2 01 - (**)' «-;Wtt . , . € . . (Ittf) 


Front Fig. 2HH when AT f 10.-400, A T gi •it.iWn, ntul .O,, •••• 6,16U, 
while normally for the Mimr excitation .J/ tf 5.4*11; thijmo r, - 0-354, 

i. t *v 0 B4». ami r 0 521, v» that foVl* fu-354.i> 524 p 0-458, ami 

{f ,/<}*<• (11-64^0-521)* I II Thin fur 10,400 .11 ]*-r ]*>ic. 

C • 0-455 > 2 01 1-44 ■ I>-398 0 547. * 

aiul the mikU.m<fd (mil i* proportional to (7,580}* 0-?47 21-5 ft) - . 

It ix evident how greatly the values of {r^r)* uu<l fiV‘1 1 the vertical 

pull from <Mt h of the jmles. if a low value of i xatatmil w;i-i taken, so that 
in ejudt |mle nearly .ill the mupere turns were expended on the ni*-gu|>*. 
r,/c * i j/i. - 1 nearly, ami <• is increased to 1 612. hi# flu* normal H § is itself 
reduced. • 

Since for a given nfitclnne a» i a given disphtrr-nu-nt, the ihl mental part 
of expression {103} return ns •constant. it is easy therefrom in calculate *thc 
excitation and normal & g at whi(H the pull reaches its.maximum for that 
displacement. It is only necessary to take different values of AT/ and to 
ohtiuuirom Pig. 23K the appropriate values of r, r and c t 'c for insertion * 
it » thus found in our case that it occurs at'ahcmt A T f ■ 5*500, lor which 
AT, - AT e - A 7' - 5,000. U . ^6.500, and A!' -*1.450, while AT ml 
« 3.920. And .4T^ f , *-* 4,600, Thence r, V r ■ 0-746. c 9 }c *== H)3, and the 
unbalanced pull is proportional to (6,tSOO) 1 x 0*706 ».• ;k) x 10 4 . 

« Hut whether tliis maximuni is reached or is excce«1fd the given mainline 
as its excitation passes through. 5.^)0 AT entirely depends on the magnitude 
of I he initial displacement il, when l^o machine is unexcited. Starting from 
this unoujU for any value of the VccitStt^p tlirp? will he an onbsdanced pull 
of amount if rotor and stator ,yt iuvkginetl to rtmain in their given initial 

* * 
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position* From there results i) i^ulk (lfflrclion of the shift of the rotor 
uul an elastic drflrctuMi of the sUlor frame, their magnitudes depending 
do the relative tfiflnrssr* ol shaft and frame at the point «t wjueh it acts. l4*t 
the suit) «l the two deflection* be tlie first decrement iV^ nr the amount by 
which the air-gap l*-twei-n rotor and stator is iimhrr shortened. Ttus Rives 
nse to an additional imri-nn-ni to the pull, which m lurif produce* a second 
decrement and su*i*n. In the case o| a honrouiallv supported rotor, 
apart from any error in M-ntniu; the U<lr«igs with the stator frame, an initial 
displacement <> i-s always prewnl. Iw-inu the ginvifV deflection nf the shaft 
under the weight H' of the rotor, on whnh account the nut ad displacement 
has Ux-n marked with the vullix 9 ‘ r " t’orrestv/mliug then to * 
r ► l 

if i /*, i r, i 

we have « »>, - *>, • * bind d 

(f displac■’merit and pull .dual's n Tuned iinl ipottionalitv, the final 
dispU' emi tit would Is- I In- sum of a groin. iru srfiu *. 1 and would In- Unite* 



"lO* ZO*' 30^ 40° 50^ tk)* ^0“ 80* 90* 

. • * C t 


Fi« 1!4f fntegr iK f<>i ditferi-nt ratios A 


if the first decrement was toss than th<- mil nil displacement A #1 I*m 
pnrtn-h:di1y id pull and dispfiumiriit i\ however, jvrv far from holding 
owing to the etfrcL <d iron saturation, as flrrAdy explained. For a given 
inino/ displacement, therefore, the true growth 111 the unbalanced pull which 
rotor and stator eJtpmcnc* when the nnyhinc is liring excited and of the 
deflection can only U- followed if a nurulier of i exult* such as (lO^)^n? cal 
■ciliated fur different value* of uyat displacement and ;*e plotted to form a 
family of tunH* connecting jflill and rxiiUimfi. and the actual deflection i* 
traced through ihfm. » 

For miv given ratio i>f 0 * 1 ., curves giving the integrate for values of a up 
to a complete quadrant or lor uppf r and lower j*>1e* respectively, a* in 
Fig'241 can he plotted pne© and for all, and arc then available for any numbtr 
of poles It is only necessary tA rend off thr integral for the one edgif of a 
pole, to deduct that for the other e^R|. %nd to multiply th© difference by 

— -• * , ‘ - 

1 tp. E. Hoacnberg, U«. t%l. 
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\yj to obtain the coefficient for ttuf pole In question. The same process 

is repeated fot tbe similarly situated pole in tbe other quadrant, and the sum 
o! thn differences fnr pf2 pole pairs in the value required for C m expmnoa 
{101). VVtien the nntnl«r of poles is Urge, it suffices to calculate 

ami (** j for the lowe^ ami highest poles .and to approximate the 

values f<rr the ratio if\ thr'remaiihng jiairx. 

With a given value for ft. this highest value is obtained with eg A. 0. 8 poles 
when the ih^r1;ii:etnrtit ji »n hnr with tyr axis of * pole, and the mmimum 
whrll the displacrmerit w along an inteqiolar *ine of symmetry 

For a given hiial dispUtrmeni and romtanl values of normal B g and ft. 
as the number of fxihs 11 m« reap'd, apart from the values of (c,/r) the un- 
Isdanui! pull iu tin: firmer < as*- ilfiimeHMmJ 111 the latter case increases. and 
in neither is there any gif-at divergence from the vahir for a 9<F, when 
multiplied hy ft IlM in any such comparison account must also be taken 
Cl the 1 lunges 111 the values nf/.V, ufilms the saturation is low. Further, 
jix tkv minilMT of poles is in« riMinl ami the j«.lar are diminishes, the denmtn*. 
at lhm»>r«efs of each pole <hverge less ami less widely from the value at the 
ce« 1 rr ( the i-urve of for thr - several piles, therefore, falls more nearly into 
h gradual sweep, lin.dly with a very large number of piles we approach 
the cast* of two nearly m axial cylinders, one of which is displacer] by d 
relatively to the other. If I lie displacement l*e very small as compared with 
( t , the reluctance of t^e irui magnet may approximately lie regarded as 
nmsiaut at its normal v.Uuu ]*>r pole Wr then have 


r 



^ I. * m 

• K -» 


:h 


f *rn 


(d/ty ro* a varies over each pole face, but as the number of poles is increased 

I ‘|^ <fc _ <|| • 

and the arc of each dei nMsn, * 9 ' 9M pr (:-K ff •- iS f l; :A g for rach pole face 

Isrcomps more nearly equal to (d?/,) c ns a. Ifener with ^ largr number of 
I Miles, the two expressions may approximately tie identified. On this 

assumption of « 4 

P ( . . , . ) ,*l f -f ‘-K. ''^df « 

oi l ’ Wi: “V-vC m<:,^ x a. . 


- I 


*f - *. 

*, -I-*, 


»•% 


|A_ - cK, 


;fi , + *, 


, ... c . A 
pc 1 1 ■ *•• -- cos (i 


Mere i f \c may be regarded as an equivalent air-gap which makes allowance 
lor a certain constant inagnflt reluctance. KxpKMton (99) may then be 
written— 4 

( 1 • 1 )* 

* n g * j cA . cA I cos n 

• -1(1 - y- (!.(■, COS a) 1 ) 

f r v « 

The value for C with the fuipfmsed large ntimber of poles if covering the 
entire periphery (ii«. ft ~ l), as n^ght be the lase in a homopolar inductor 
generator, vs t hen 9 

* n" ft * 1 

J f |* c<w a . da f y cos a , da 

ft! • ^ I / (ij 

u (i - j- cos ti) 1 , t'O <1 + j- cos aV 

h » . ‘1 
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Only Uw compled integrals for a 90’ Are require*]/ And tbcs« may be 
immediately combined. When a,2 ~ 45 J , And un a *2 — 1, let m* 

M 

tan »* *- cot i And 


*» tAn 1 */! k ^ tAJl -i jjl - *A(r ^ rtl 

*V l - tdjf § V ] -f c>;V # 

h ' • 

» 

,',)■ i'") * ■' 


(KU) 


s' ** 90° - *. Thus i''|g •« 1H0 J - t'*,, ami i'" M h p m the aiiin tonus 
caned out since sin flW' ■ t>) ■ lin v, and* 

- md / ’ J 

“ *, \ II “ <*A 

A having l veil assumed vei y small a^ compare^ with l g , the dcnomTnator 

within tlie bracket approaches unity, and C' v - . - nearly.* 

# *r 

If the whole u< the ampere-turns inly I** rrg^W ns < x|x>mh d over the 
air-gap owing to the very low saturation of the non, ( 1, and 

x ?• .... (ntf) 


li 9 x \ rJ>L 

n!ltw.v»un* x 


<)r on the above sup]x»sitinn the same expression may also K* d« m iM from 
f 102) ; si me the ratio ( t V \s then unity, the etfrtl of the upjuT and lower 
quadrants can lie < nttilmird in one, a* in {hV4). Wlirtlu r there ate - or many 
poles. v> Ion^ as ( # *= 1, the supposition implies that the difference of magnetic, 
jxflrnlia] or A T g between stator and ml or is uniform over the whole of tho 
emit 1 , although it> sign changes as we pays from J |Kile to pole. In theito 
cm innstances the density at any print is fixed by the *ur gap at Mint punt 
and by the uniform value of A / 9 riot by the air gap .-1 1 gJ ui ihe pattn ular 
jh>U* m wJiidi it falls.* On llns J»asis the expiev.iou in the hum of {I OS) 
was given by li. A iVhrend* from the consideration »j i two ii-mtIv co axial 
cylinders, one of win* h is displaced by d ji-Uuvdy In the other, when 

( : - aw a) w»* tiegleileil iti comparison with »os u in the denominator 

' ' . *9 

, cos <r . tut 

*t. « y 

M i ^ cos a j 

$ 15. The electrical effect o! eccentricity of the armature.— 

Apart from llu- mcih.injeal etfctl, M has already been ^Jmwu in 
l hapter XIi, 5 1, and the note appended to ( hapiei Ml, that 
in a nmlti|K>Iajlap-wound armature, Tin- ti'Milt ol any displace¬ 
ment of tlu* armature out of tin: centre of 1 lie bore of f Jic* j^de-piecey 
mutt be an uni qn;rt dfotrihutinn id tin* i mn-iii among tin paiallel 
branches of flit* armature winding and brush vds, a! tended with 
a lessened efficiency anti perhaps sparking at flu- bnr-hes. 

Any ronsith rable wear <d the fieatinqs tmM tlieiefnie In -1 oirerlcd 
by either raisin# the armature or Irmerin# the tt hl-nia^iict. For 
this^urpo-^ in lar#c muhi^daT machnies i^ntiin# screws aie often 
provided, by means of which the magnet fianw may In* adjnsled 
hprizontally and sideways. These may l)e used the out*! 1o 
erect the magnet so that its parallel (inlii's give very apjiroximafely 
equal voltages on open circuit as cheeked by a voltmeter applied to 

1 Cp. Fisclicr-Hinnen, Pynamo Desigfi (1899), pp. 2ft) 265, where a n 
analoj^DUi eapressior; wv hrj»l given, and J. K. Suincc, Ztiluhtifl fur* 
EUktrot/chHtk, Vol. 22. pp. 727. 8. * , ♦ 

1 “ Chn the Mochanicoi Forces iti DynarttfM tauwt by Magnetic Allrartion," 
Trans. Amtr. / £.£., Vol. IT, pp.,617 62ff bc*« also Milos WaJbcr, Th$ 
Sprct/tcaitan avtf Design of Ii^notno-etrctrU •Ktarhinery, p, 59. 
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the several pairs of brushes; ifjjw iron paths \*ary slightly in ' 
permeance, it may even t* found ad visible to set the magnet so 
that it is not quite concentric with the armature, yet so ijjat the 
magnetic pulls of tin* polts and the electrical K.M,F,\ are closely 
balanced. At any later time lire screw* may *tgain be called into 
use to follow up flu: /'(feel of of the bra>se>. 

But it has also been shown in the Note to Chapter XII. that 
owinjltu the circulating currents or muqyal distribution of current 
in the multipolar lap-wound atu(;t<lire tin* inequality of the Jinxes 
is less lhari would !«• due to the simple eccentricity, and this has 
the further effect of* vetoing tlft unbalanced pull and finally of 
lessening ihe actual Mimnnt of the eccentricity to which tlie rc-ailtunt 
, slwttt cot responds. Tin? addition of equalising lotmections tend* 
li#rc<fiiye thi*, beneficial action of lap-winding, but then* still remains * 
a considerable influence lowltnU uelifrah/itioji of the effect of the 
cccrtiI licit y. 

in this respect then the lap-wound multipolar i> mme favourably 
situated than the va\'i*i uimeclcd mulhjHtl.ir, J he electrical 
objection from want of equality in the strengths of the lir-tds \» in 
the hitter removed when tJiere ate only two >rl^of brudie^, but on 
the other hand the uus finical disadvantage arising from tin* 
unbalanced pull (insists to its fullest extent. 

| 10. Deflection and strength o! external yoke-ring.— The 

formula; of Ihe above section have been b;e*’d upi-n the Mipjiosilion 
that the yoke-ring has retained true rirmlat sli;q»e, while the* 
aniiatme is displaced cn eulneallv irnin its tine position by tJie 
amount d. So long as ihis is assumed to be the c^e. the normal 
magnetic pull I\ H from a uniform ftux-drnsijy can be shown to have 
no effect upon I lie ring, and there is only left the total resultant 
unbfilanirU pull /'„ asflimrd to act vertically, the vertical 

components of the unbalanced pulls on the several guiles, of which 
P u is tlie sum, are, when considered in relation t*i the ynke-rhig, 
not concentrated on the vertical axis, but are more or less distributed 
round the semicircle. The external ring would therefore be differ- 
enlly conditiolieil from the shaft, upon wJiirh^ho total unbafanced 
pull is really concentrated on the vertical diameter. The effect 
up<m the ring might, luwevor, still be expressed in terms of *I\. 
Thus if the semicircle be replaced by a straight beam freely supported 
at cmh end. an^l of length i 2r, graphic construction of ihf 
bending-moment diagram foi* various*numbers of polifv would show 
that the same betiding would 411 the 4-pole nutcMne be given by a 
concentrated central weight equivalent approximately to 0*00 P m ; 
«iud in a 6-pole machine, where one pole is ^il lifted immediately 
on (he vertical axis, by an ftpiivalent 4»m*etitrate<l weight 074 P u 
while above this number of«pcftet it becomes ~ 0-7? P u . To this 
would then have to be added*the effect of the uniformly distributed 
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weight of the fcng itself as acting over its upper semicircular half, 
and also the effect of the weight of half the poles, which is nut far 
from uniformly distributed round the semicircle. • 

The necessary section which must for mechanical realms lie given 
to the multipolar yoke rmg is however* a question tint ot the si less 
to which the material is subjected lf bflt of the stiffness ot the aich 
to resist deflection at the crown ; the maximum deflection at the 
crown must, in fact, be limited to a small jvrontagcVl the formal 
air-gap, say, to <M >5 I 0 . But nut\r than this, the deflect kuii at the 
crown is vinompaiiii-d by spreading ovOwaids at the >ides Thus 
from tin- ueccssuiy fact of ihflorthm the yoke-ring will no h>ngei 
be circular. but will become* more or less elliptical, and calculations 
based upon the above method with employment of p m wouldJ hj 
entireh' fallacious. Hence for tin* at«»ve Mippfrsilion.nl a ejdjhu 
Yoke-ring and displaced armature muy In- subsliluted ihe assump¬ 
tion of a rigid armature shaft and a deformed external ting. Ihe 
exact determination of either the maximum defied mo <ii of the 
lateral spread hv calculation is huidly ]**siMi owing 1 m the inti icai y 
of the vaiioiis tadms ; if entirely pfevi tiled hum expanding sidc- 
wuy-, the detledimi woliM be les-v ihan half of lhal due to tile 
same l onci-nfialn Tin ail wJn-n the ends aie quit** free to spread ; 
and in practice the p.ulial < Midi amt when the ynk# j~. m one < irnilar 
piece-, or i\s two halves are slroiigly bolted Ingefliei. ml induce.; 
considerable indeliruteTiiss into Ihe problem. A comparative 
estimate can, however, be made whir li will dt ■ *11 iJte Mill* of safety, 
if the semicircle be taken as (fee al its ends. Ihe lateral extension 
of eaih end 1 ^ then about I S times the Veilical defln lion, but as 
an approximation it ni.iy be assumed that tin* two ate equal, 'The 
aif-gup at any angle a from the veitn al, itisie.nl of being / t ~ t). cos « 
as in § 14 . U .lien l a ' l 9 ft cir* 2tt ; or •( the nia.Miimm inward 
deflection t \;ft tlin rowri be reckoned as negative, and olio m kotied 
from the horizon’.d which is heie more convena-ftt, it n-inuins 
l 9 - & . r.os 2o. 

Taking one <»i twn values foi I 9 \ tin ti-sulling 11 7 is calculated 
and them o can be tiind the rot res| Mending pull |*r unit area of 
pole-face as promotional ft) If, 1 . The -x<ess oi drfirimi y of the 
latjer as compare<l with th- v normal JvulJ for the average air-gap 
/ fl and normal density IS a , can Ih- approximated as proportional 
to X, the decrease or increase of the air-gap, i.c. the ext essjnill in 
• [i i ... /{ i , ' 

lb. per square inch ~ **- - * • ■where X — l f ' -and 

is negative when the ail*gap is retired. 

Hence if L r be tljc breadth of the pole-f;icc, the pull per unit 
length round the bore i s~kX.L r Owing to the broken sufface 
presented by # the poles with ih*ip»ii:tenoning gaps, they may be 
replaced by a continuous surface in jvhicjt the puli is, say, fths of 
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its actual value at any spot. IMn an alternator with rotating 
magnet the field varied as a sine curve, the puli at any spot would 
vary as 2itf . /)* and wficn integrated over a period and 

averaged it would I* oc { . that the above assumption is 

sale, lor usual ratios of polar arc to jxile-pitch. Jhc abnormal pull per 
unit angle or radian may llfn^l* taken as - fkX . •— \kd cos 2 a 

lb. wheiv R p tin: rltdius to the jwdedare, and /,, the breadth of 
the gpMuce, are bulh in indies, wjicn, as above, k\ is reckoned 
in II), per Mpiare iiuh.' The im**imnrn value which the pull per 
radian asMiines when X ~A may he sytulnjlizw] as 

Whi jj tlie bending Hhct <>f botli (lie normal anil abnormal pulls 
is integiated, ihen, assuming 1 !he |tf>k a -f.kn:s to be replaced by an un* 
broken sin fair with the abijYe pinfmrtjon ol the actual pulls, it can 
be shown 1 1 Jial the resultant bendingmoment at any point distant 
from tbi* horizontal axis by the angle « is If m sin s u, 

where r must now 1«* % made the radius 1 m tin- neutral axis 
i>t (he section of iJie ling. Il is HuJrfore independent ol the average 
pul), and v,u ies only with A sin 3 a for a given machine The vertical 
deflection at the same pi uni is . ' 

r 

Ay —(/ rt ^ 1'/ ^ <l 

and on the vntieal axis this becomes 



where E is the modulus of elasticity ol the materia] and / is the 
moment of inertia of the sect ion of the ring. 7 anjl r must be in 
the Mini; units in whicfM is to be found* as also the urvt area implied 
in E, while lhe stress E on this unit area must be in lb. if p* is 
in lb. Tii this must lie added the deflection # due *n the weight of 
the half ring and also to the weight of half the poles with their 
bobbins. The deflection of a semicuvular beam of uni for n\ cross- 
section due to its own weight \\\ whejl its efids are flee* is at the 

centre 1 -0 0835 yj , H ,wfTeie r is the mean radius of the ring. 

In i\ 4-jxde machine, with the magnet poles inclined at 45° to the 
horizontal, the additional wejghts art; rather more, and in the 6-pole 
machine with one jxde vertical, rather*less favourabfy placed than 
under the condition of unifohn distribution, and the coefficients 

* 

1 As in Arnold, />i«v Vol. 4, p. 258. » 

* l This may tx* compared with the similar formula fdt a straight beam ol 

length I *“ it, namely, i) « ^ JITP ** 0‘ 104 py . H r , and, us might be 
exp«t«f, the deflection uf pie afchwf beam is*thc smaller. 
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become Q07f$ and 0-0856. The 8*pole and 10-pole machines 
approach more closely, with coefficients 0083 and 00845, There 
is therefore in any case but little difference from Ihc^ase of uniform 
distribution ; anti if H’ f be the weight of the compUtt yoke-ring 
and W 9 that of all the polrs with their coils, the vertical deflection 
from the weight offing and poles is closely 

r 1 '\\' f H' 

rr 2 

The total iht left ion from the \ csght andTrom the magnetic pull is 
therefore 

6 - — (ttvm *■■’ | ! n :* /.„*) . (l<«) 


Since p^ 1% x k6. and is thorehfre itsrlf d(-|x*iidrhl uj*ir d. it is 
evident tliat some liiniimg value of A must 1m* assumed, such as 
(Hl5/ tfl am! the moment of iiirtlui lx- given the required value, 
so that this limit is not exceeded. The above estimate, being based 
on the most unfavourable conditions i> little likely to be reached 
in practice. 1 

The modulus of elasticity !: i> for cast steel 30/000,000 lb. 
]ht square indi'and for^a^t iron 14,000,lXH>. 1 he moment of 

bh* , bh* 

inertia is —- for a rectangular s i iir>n, ot, say, for a slightly 

i “ 

rounded section of maximum depth h, but in Other rases inquires 
to lie calculated with acnnacy. , 

In the lower half t J tile yvke-ring the effect from tin; unbalanced 
magnetic pull, if tins is vertically upwards <lue to lln* armature 
having sunk. opjK.s^s that from the weight ; ami further, fiom Ihe 
rtature of its support'on two pro jet ting feet at the sides, the lower 
half pos's/ssjs greater stiffness ; it is only, therefore, in very large 
mad lines that a central snppotl .it 1 1 ie bottom may bei umc advisable. 

| 17. Proportioning o( mnltipoUr machined.-- A r2|>dc dynamo 
of large output must have an armature rote of considerable length 
as compared with its diameter, but such projections give a section 
to Hlie magnet limb which is inefficient in exciting cupper. On 
the cither hand, in the rifultijx.lar field the diameter ran be larger, 
cuid its proportion to the length can bt so chosen that the section of 
the magnet-cop* approximates to a square or to a urde, and is 
therefore economical in exciting wire. Thus, although the sub¬ 
division of the total Jlux between*several mdfcfictic circuits is in 
itself expensive in wire and exciting mergy, the proportions of the 
magnet-cores in the multipolar case can be made so economical 
tfoat it may actually take less weight of cxciljng wire than the 2-oole 

• • 

1 For a different treatment biased op tW assumption that the end* of the 
•emiciroJar arch are held fact, nr K. I jvingfitonft, Tk* MnkanUal Dtiifn 
*nd Construction of Gtrur Uots, ^>.129. • 
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ma*«ive horseshoe ; it tlirn has the advantage not <ydy in weight of 
iron in the magnet, but also in weight of copper. In order to obtain 
such advantageous proport ions, the two dimensions A and B and there¬ 
fore also MO and OP {Fig. 242) must not he far different from each 
other ; for, roughly speaking, the [Mjle-cort- A, fi must stand in the 
middle of the sIkh* MO, OP, \q»th about the same ami »unt of overhang 
all round, in order to avoid any iradue thinning out id the lints towards 

<k MS 4> 

any edge ol the judo fare. Since sin ^ -== , MO --- 2 R sin — 

I £ l\ f t. 



(I) | 2/ r ) sin * where 0 is the diameter of ilia aiiT^ture core, and 

(/) h 2/,) may he taken as approximately »“ H>4 1). if a be the 
amount by which the length of the armature core exceeds the length 
of the ]K>te*face at each end. OP “! i -2m, and fhis may be taken as 

equal to 0-93 L. If then 4/(9 is to he equal to OP, 104 I) sin 

0-93 L. The j>oUr angle bear?an approximately constant propor- 

% • . 360" X f) 

lion to the pitch of the poles, or ^ ^ — 2p' w ^ ,cre ^ 

about 0*7. The favourable rat to of length \o diameter of core for 
different numbers of poles on these assumptions would be 




v * 


4 in 


I26 c 
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A closer anaiysk may be made by taking into account the necessary 
reduction which there must be m the area Aft carrying useful lines 
at a density of 16.800 per square centimetre, us compared with the 
area 01 the bored pole-fact carrying lines ut a density of, say, 
B g ~ 7,400. Expressing tin* latter in terms of the chord MSO, 

we have * * 

% 

AH-MSO* OP* J£ M^sor^y 


MSI* > Ol* x xv 


and a little calculation sjmw* tlul tile |>s«kUi« i \y decreases from 
0 462 for four poles to 0 449 for six, and tlu-n Wcuinos luaily con¬ 
stant lor eight or mure poles at 0 445. This product lias now to Ik* 
• divided into the two factors v and y,hieing irsjiei lively the rctio’of 

A to the chord ^ -• 1 -04/Mn and of ff in the h ngih Oft { It-tHI /.). 

/. \ 4* 

Equaling A and ft, we thus obtain . M2 mu • Hut 

V> #y 2 

though, as already slated. Aft must, roughly speaking, stand in the 

middle of M(f t (>/^ there is no necessity f««i the amount 1»v which 
the width .1 is less than the choid to be precisely the same as the 
amount by which ft i> le^-s than the |ml«" length. li i*-, in fact, 
better to make v somewhat less than y. the two values ranging from 
()4>4 and 0-72 in tin* 4 ]K*lr d*»wn to d (i!i and 0-71 in the 

■ * I • 

10-pole ruacliine. I hr ratio* is then a 1011 - 0.011 ,m<l 


Tht ratio* is 1 licit a lutisiant 
v 


It is, however, advisable to kc-vji the diaiilefi'i on the small side, and 

consequently t<*n..dw* the ratio — gir.iler. even ai ifir cost of less 

economy in the excitation. Hence flu* alwive expression may lx* 
regarded rather as giving the minima values whit li the ratio should 
take. The greatcstMcparUm from the most eronojnu.il vrlion of 
mapict-corc which would lx» allow,!IV' m a umltijKilar machine 
would follow' from the adoption of a iatio*r>f ft : A sav, 15. W« 
thus obtain as maxima values 

U • - . -12fi 

i> !:ISs : n 2 P 


Wtyle the above proportions admit of considerable variations 
according to difftrrerft conditions of the Resign, ihe method by whifti 
they have been arrived at serves fco*show how they depend on the 
relative densities in th^ air-gap and magncHorr. and «ipon the 
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amount by which it is considered advisable for either edge of the 
pole-piece to project beyond the 8V*gnet-core. 


ISles. 

Minimum^ 

3 ir 
~4*2p 

Maximum. 

4 

0-52 

0-59 

07Hs 

« i 

0-38 

0-39 

0-54 

8 

o-”7 

0-295 

o-41« 

10 

0-22 

0 238 

0-33 

12 

018 

0-197 

0-27 


As a preliminary startingi>oim fur an entirely new design L 
• may convi-nirntty be taken hs equal to fbree-quarters of the 
pofe-pitth, it. 


L 

1) 



(107) 


Ibis makes the polc-shve rmjghly a square, and gives useful inter¬ 
mediate values which arc tabula led above between the minima and 
maxima values obtained from the preceding expressions. 

For a line of machines of small or moderate size, each v»ke*ring 
or frame can be so proportioned as to admit id tin* employment 
within it id two or three armature cores of the sarm* diameter 
Imt of different lengths, say, OH, 0 7 andO'Suf the pole-pitch with 
rectangular field-coils, or 0-4, O S and OH of the pub-pilch with 
cylindrical coils . 1 

As explained in Chapter XM, § I7,with increasing siz*-; of machines 
the diameter must bo increased, and for rufli diameter there is.a 
minimum number of poles below which the corresponding weight of 
yoke and also the reaction of the armature ampere-turps render it 
uneconomical to go. Such minimum numbers will.be roughly as 
follows— • ' • 


Armature Diamt Ur. 
Up to 25 in, . 
Above 25 in. . 
„ 30 in. . 

„ 48 in. • 


Njtntbtr of Dobs. 

Not lew than 4 

* 8 

8 

„ 10, and so on. 


In machines with commutating jades, assuming -as a maximum 
9,000 armature ampere-turns per pole or 18,000 a r mat tire ampere¬ 
conductors per pole, and 900 am{>erc-coiulm:tors per inch «f periphery 
the maximum pole-pitch is given as 18,000/900 ^20 in. The 
length of armature tore, if equal Ui three-quarters of the pole-pitch, 
is then 15 in., and it may be laid down in geoeroj that the over-Mt 

* * ♦ * 

1 ftp. Mile* Walker, Sfvn/icalion o*jJ Design of Dynamo-eUdru Mat hitter*. 

}». 498. * 
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length ol the Armature core should not exceed* 15} in. or 40 cm. f 
unless imperatively required by the peripheral speed with this 
length of crire proving too high. If. on the other hand, the 
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peripheral speed is low, it will usualjy he advisable fo shorten the 
tore 1<> less chan the above maximum, to raise the diameter and, if 
need be, increase die number of jxtles. 


I 



Kjc, £1.1 and Uwiitulnl polish nc for large juachine. 

• • 1 

§ IS. lAmlnafrrt pole-shoes.—TJio neressify for the employment 
of Ruminated polc-shoas in order to minimize eddy-currents due Jo 
the varying distribution of tl*; flyx as wide open slots sweep past the 
pole-face has already been mefltifuy'd in Chapter XIII, § 18. In 
small machine's the whole pole js sotnelimes? made up of sheet-steel 
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stampings {0-1)25' thick) riveted together, as in-Fig. 243 ; the cross- 
section of the pole must tueu be square or rectangular. For 
attachment to the yoke-ring, if the pole is not t«*> heavy, it is quite 
safe id drill and tap a laminated pole for screw?-, provided that the 
laminations are tightly squeezed together and well riveted iH twmi 
stout side checks. *Or a I* At mav Ik* used to draw the jxile up against 
its seating within the yoke-ring. AlleruaiivVly, a solid square bar 



• Tic; U4U I ..iiuih.il< J ]»!■ sli<«' 


♦ • 

is driven through aVfpjare hole m the luimmilintis of the complete 
pole, ami into this enjer set s*i« ws through ilie yoke ring. In 
larger machines it is more usual to make up separate pole-sl»x j s 
of sheet-steel stampings, and to fasti u them to the solid pole-core 
by means of four screws. Flanges* projeefing at right angles 
to" the side-cheeks serve as stip)KUts for the magnet bobbins. 
Since the magnet pull outlie pole-slu* is vet yomsiderabk 1 , especially 
'at the tq*. the side checks gmst be the rrixts strong,'and the 
screws fast Ail the whole to the pole-core well distributed over 

the face (Figs. 244 andj£45). Fig/246 shows a complete pole-shoe, 
and below it one of the componem laminations. 



CHAPTER XVI 

thk ami-krj: ri hss or Tin; hm.o 

| 1. The thm divUionj of the magnetic circuit- -In tlu- previous 
equations for llir intern d K.M.1 ; iridium in -in ^mature, one of 
the lliirc dctlTimning fac tors has lieen or the number of lines 
of Hnx which enter iptu I lie ariha lure-roie from one* pole or leave 
the core to pass into another pnip. We have now to determine 
the ampere-turns of the excitation which must ]>c placed on the 
magnet in order to produce <l a lines in that part of the magnetic 
circuit where If ley are required, namely, in the ai mature, where 
they are linked with the aclivc wires. The process of calculation 
has hern already illustrated in Chapter II, § 13, ami consists in 
the subdivision of the entire magnetic: circuit into such lengths as 
may be considered to be of the same sectional area and permeability, 
anil to carry the* same* unrulier of lines, the: calculation of the magnetic 
differences of potential required to drh'r the lines through each of 
these lengths, and their subsequent summation as one magneto¬ 
motive force. The magnetic circuit in a dynamo may be divided 
into the three' princ ipal parts : (1) the air-gaps. (2) the iron of the 
armature, subdivided into («) the armature core proper, and (6) t 
the teeth in the raw of a slotted armature, (J) the' iron of the field- 
magnet; the hitter may further require 1 o be subdivided into two 
parts, namely, (a) the magnet cores nr poles, and (/>)*tbe yoke, and 
in some cases, where the poh--pieces differ much in area and quality 
from the rest of the magnet, a third subdivision becomes necessary, 
namely, (c) the pole-pieces. The subscript letters g, c, v, m, y, and p 
may be used to denote these several parts. Owjng to leakage flic 
total flux will vary in different pails of the circuit, But, as explained 
in Chapter II, on the supposition of the leakage paths living all in 
parallel with the armature and air-gaps, it will suffice to consider 
d> 4 lines as flowing 0trough the armature, and a larger number, 
d> mi as flowing throfigh thecnagnet and yoke. 

§ 2. The equation oT the magnetic circuit.— If <t> lines flow 
through a portion of a inagn* circuit, having a total area of cross- 
sect iofl. of d square centimetres normal to their path, the valu€ 
which // must have is solely determined by thq flni-deasity per 
square centimetre, i.e. by the ihdnction d>/<i; in other words, 
whatever he the tidal area nortnal to the flow, if a difference of 
Magnetic potential, //, tx^ maintained betwAn two surfaces one 
centimetre apart, B lines wiljfyw through each square centimetre 
of the tross-section. Each cenfimetre length of the substance 
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therefore retires a specific difference of magnetic potential, H 
(dependent on 8 ), to be maintained between its ends; and if the 
same flux-density, B. be continued over a port ion* whose length is 
l centimetres, the total fall of magnetic potential between opposite 
fares of the portion will Ik* H x /, and that difference of potential 
maintained between it- ends wi\J a,total flow of <D *--• aB 

lines through it. Reckoning, therefore, the lenglhs of the five chief 
portions of the magnetic circuit in centimetre*, /, Iking tl^e length 
of a single airqjap, l t that of 4 tooth, uttt f m that of a single pole, 
the fundamental equation for rumplete circuit. with its two 
ail-gaps, and its two poles*ill the nsttaj multipolar tvjvs, may In' 
expri*ssed as— 

Total M.M.F. - IIJ t i H& % *\ H 9 '2J, 1 A I //, . *. 

where II t , II t . II v , II m , and // y ajv the magnetizing intensities 
required to produce B r . B t . B t . B m . and B w in the anuatnir core and 
teeth, air-gaps. ^>le-c<tre an<l yoke ie^pt < tivelv. Or. willing 
j(B) for //, since // has been shown to he a him limit if the iudiielion 

Total M.M.F. /(/*,! , K f f(B t Y2l t 3 /<!*,) \ 2/, ! J /(/*'). l„ 


And finally, sim* It <1 >'4 


i f 




The same flux <!>* is here taken as passing alike thinngh aii-gaps, 
teeth and ahnuturc core, and a t and are the areas of rtie double 
sections of aniiatunA'oie and yoke, where Ihe flux bifurcates. 

In culver <if flux-density, such as l i^>. 209, are connected 

together corresponding values of B and // for various materials. 
J laving calcinated, therefore, the dilferent va)ti'-:» of B e , Ji t , B f , 
B m , B 9 for a given value of <J> B . all that is necessary is to look out 
in the flux-density niQve of the material in qinMion Ihe paitiruiar 
value w hich B has in \x, and then to lead off on the s< ale of abs< issae 
the corresponding particular value which /(//) r-. II must liave for 
that density ; this value can then iir substituted for the sj>ecjfic 
ft in the above equation. * 

The above equation being expressed in Oi.S. units of magneto¬ 
motive force will requite tit lie divided throughout by l 26^ in order 
to express^ in ampere-tfirns of excitation on one < omptole magnetic 
circuit, as . 9 

X = X t + X t + X. + X- + X, 

* , f ’ • 
But since the Values of H in the fljix density curves were originally 

derived from a measured nunjtfcr *>f ampere-turns per centimetre 

length, it is still simpler to 4hdw oq the horizontal axis bf abscissae 
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a scale of ampere-tarns per cm. length (as well as : scale of H in 
C.G.S. units), and tlienee read off the specific excitation at required 
per centimetre length to produce a flow of B lines per square centi¬ 
metre. This has been done in the lower of the two horizontal 
scales nl Figs. ft f 5 209, whence, the re foie, we can read off the new 


p 



FlU 2*17. • -Half magnetic circuit of 
multipolar machine*. 


value whicii Ihe function of 
lfie density takes when ex¬ 
pressed in anipere-t urns, or 

/'(«) y4?7 « «/(«)-“■ 

Since the permeability of air 
is strictly constant anti on the 
C.G.S. system - I, ii density 
of one line |kt sq. cm. in air 

I 

requires 0-8 of an 

1 I 2r>7 

ampere-turn. and any other 
Mux density B a requires 
arnpeie-hutis, per nil, length. 
Kvon if tin* ‘normal air-gap of 
the machine is pailly filled 
with cotton-covered copper 
wire, the peiinvalidity of the 
latter two materials is sensibly 
th‘ same as that of air. 
Hence for tit 9 may at once he 
substituted or 0-8 

As foh sliadtmed in Chapter 
II. $ 14, in calculating a 9 a 
cert am additional 1 area must 
be reckoned .orer and above 
the actual area of the polar 
face in.order to allow for the 
spreading out of the lines vn a 
fringe, which increases the 


effective cross-section of t^he 
air-gap. On the oilier hand, some deduction must be made to 
allow for the presence of Ventilating ducts reaching to the 
armatufr surface. * The quantitative va^ue for these adjustments* 
will be treated in § 6. * 

Lastly, from considerations of symmetry#it suffices in all types 
of symmetrical field-jiiagnets ajl commonly used in practice m to 
determine the ampere-turn^ required by a half [Magnetic circuit, 
i.c . by the sector (Fig. 247) corresponding to a pole (whether this 
be external or internal to the armature) since these turns must be 
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provided by life coil wound on piy* pole. If. therefore, in the present 
connection the symbol AT, as contrasted with .V is .restricted 1t» 
the ampere-turns on a half magnetic circuit,*atul with other 
subscripts is restricted to the aro|»ert*-lurns # required by a 
component part id,the half circuit 

AT, - AT, t -f. AT, + AT.' * r A!\ ( AT, 

C . ■ /. 


- .j 1 “>t K : 11 Wtr !. t <>/„ ■ 


tit. 


X (Utt) 


I he total number of anqiere-t 111 ns oft the whole mat lime is tlien 
p .V 2/>. 1 T f . Tile actual process in dnjgnihg will be to deter mine 
the di-ndlies. /» fl H t< ]i m . and and then to iv.ul off from a (lux- 
density curve the corresponding varies of < 1 / or the sjx-citie jiuhHht. 
of ampere-1 urns required ]vr centimetre length ; audi«vcu iq flictasc 
of the air gap in tabulate H a as a*guide in comparing ditfeieiit 
m:u hines. 

§ 3. Use 0 ! flux-density or B-H curves. Hie Ihi\'density 
curves from which the values ot lhe s^-ulW ain]H n-tunis an* read 

II nist he slidrd to the exact nature of the materials of which the 
dynamo’', magnetic t irciiit is cnmjH.scd. c >ri irfening to lug, 2115 
it will lx* v*vii tfiat if the magnei he winked with a |o\v density, say, 
e.\*. lO.tNK) in wrought iron or tytHNI in cast non, the value of <?f 
lor a gi\fn di-nsity is indete 11 nin. 1 tc, and may have any value 
lying in-tween the ascending and descending ciuvcs ; in the cast's 
supposed tlie limit-, will be 1*5 or I atujnir-1 urns |M*r*centimetre 
length for wrought iron, und'lfi 01 25 1m cast iron. ) hc versa, with 
a given vahr fot at. the density may vary between certain limits 
according as it has been icached from a higher 01 lower value, 
llelice a celt am number of ampere-linns on the field may induce 
a slightly larger niiinVr i>f lines at on* iftne than at anotlier if the 
excitalioti be* giiswl to a higher value and then deuyused ; and tllr 
student may thfieforc feel a doubt as to what value of exciting 
turns lie is n> select. In prailiie, however, any sticfi rffwl of 
hysteresis resulting in a variation of the voltage given hy a dynamo 
when running at ascertain sjn.*ed is liaidly pmvptiblr ; not only is 
a dynamo selrlom worked with a vei^low density in the iron of the 
fold-magnet* (and with higher values fc»r tin* density the vertical 
difference Ixlwcen the ascending *nd descending curves Ik- comes 

. negligible!, but abo lh»* excinng jxjwer e\peride<j over the rtluetahce 
of the field •nagm.-t. or A A T,/f<»rms only a certain pfbporlinn, 
usually less lh;Ai half, the totakmnnlvr of ampere-turns, AT, 
AT. t- 17, + AT, +\*fr,,-K-V/;, and therefore an increas'd 
nftmbcr of ;uniH:rC|iurn> is required for the armaluie and air-gaps, 
il an increased number of lifics pass<hthugh 1 lie armature. Further, 
in actual working, the rxcit^tUn’wtmld never l>c varied f th rough so 
wide a range as in Fig.^OS; iiHhri4att*r the magnet lasing intensity 
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|wr centimetre length of iron has been carried up lo a high 
figure, and then gradually reduced, so producing the greatest 
possible difference'between the ascending and descending curves. 
Such a condition would seldom occur, except in the conduct of work¬ 
shop or laboratory experiments on dynamos; in the ordinary 
course, the field-mag nets become gradually excited as the machine 
is set to work, and then the exi il.ition is maintained at a more or 
less constant amount until, on the steppage (A the machine, the 
magnetism dies away, i fence in ;he design of dynamos it is 
sufficient to use invariably the av ending curve of induction ; any 
difference, due to the excitation having been differently reached, 
may be neglected, sin*c its only effect will Ik’ to reduce slightly 
the ‘'peed required to generate a given voltage. 

I 1 The back ampere-toms of armature,- -There still remains 
one point on which the previous equation requires fn be supple¬ 
mented, When a current i-. passing through the armature «»f any 
machine its ampere turns give rise* to a magnetomotive force, and 
the armature reacts on 'he field, as will be explained in greater 
detail in Chapter X lfurther, in a rnfihnimus-n merit dynamo 
it may Ik* nec essary to move the brushes forward, through a small 
angle in the direction of rota lion in order to prevent sparking at 
the commutator ; tin* reason for this shifting nf the brushes will also 
he more tullv explained in C hapter XX. Sujfiru it herV* to say 
that ii the brushes have lo be given a forward lead in order to obviate 
sparking, tIts* aminre-tunis due to the* current flowing in the belt 
of armature wiles em losed within twice (he angle of lead / arc 
practically in direct opposition to the ampiie-turn> *f the field. 
In Fig. 322 tJiuse wires in which the current, whether of the field 
or of I hi* annartue, is directed towards the ohseivcr arc marked 
with a dot, and those in which the current is away from tljc observer 
are shown crossed ; bom this figure it will be apparent that the 
ampere-conductors within the angle 2A, are op[Hisc*u U* the anijW'ro- 
conductors of the field, and that the former if coupled up to form 
ampere-turns embracing the magnetic circuit tend to mag net ire it in 
exactly the reverse direction to the latter ; although it is not entirely 
an accurate description of the whole phenomenon, as will be shown 
m Chapter XIX, they may. be legal ded as back ampere-turns, and 
the result is that, if present, a certain number of extra ampere-turns 
have to tjes added lo the held ampere-turns in order to neutralize 
the demagnetizing effect of the‘armature current. LeMhis addi¬ 
tional number on a half circuit l>c A I\ ; then the complete equation 
for the ainpere*iuriH required from a held coil must contain this 
additional term, ami thus Incomes * „ 

A T f ' - .17' c + A l\ f* .-I V, v .1 /; -V .1 T m + A T % , (109) 

| 5. The magnetic leakage dul to the difference of potential 
between tM poles.— Hie reason, for'the insertion of Al\ in the 
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fourth plac£ Deeds flirther t explanation. If has been said that 
the flow of leakage tines takes place in the tmin under the magnetic 1 
difference of potential existing between the \*<\A of the dynamo, 
ami even if this be not true of alt the leakage, allowance can be 
made for the inaccuracy involved in the assumption as will be 
shown in § 11. Before nr inn W determined, the amount 
of leakage <f>, requires to U* estimated. In order to do this, the joint 
permeance of the leakage paths is oakulaleil; it is 1 lien otilvjieccssary 
to multiply tlh- magnetic dilUrvtav of potential at the poles by this 
joint permeance to determine The magnet if different e of jxtlcn* 
lial between the juries isVqiJhl to lJ57*4inns the ampere turns 
required to produce the flow of lines between the poles ; let these 
be expressed as 2AT r , so that {^. I T r and - A T, represent llje 
magnetic jHifentials ot the N. and S j»nle-laces lespeclivefy ;*thrji 
- - 1*257 X 2.1 1 r X where S^is the joint jxri meant e of tin* 
leakage paths, Theme <I>„ *1>, ] <f> t from which Ihe magnet 

density H m and the a injured urns required to proiiuce il, AT„, 
can U: determined. 1 * , ♦ 

Now .1 7 or the :i»j|K‘ie-lurns required to (ounl^rbalame the 
back ampere-turns of thy armature, if Midi are present, take eflect 
between the poles, anil* consequently must be included when 
estimating the difference of magnetic iHitenti.il between the poles; 
thus » 

AT, AT, t AT, ! AT, \ M\ 

« 

and * ♦ 

1-257 (AT t l Al t i AT, ] AT,\ M 2:v * (110) 

/>ui' final and complete equation /•* thc uniturn\ nr cuttatinn 
of a half »ifj£H(7kT circuit will llm> take the form 

•/ / 

A'r,™*t t -Z * ft,!,-yow^Ki, i .17, i t m t m ; «i,‘ (ill) 

the coefficient K remaining to be explained in § 7. ( 

pimple though ihis equation b in iis form, its application presents 
certain difficulties whii h preclude us from calculating the ampere- 
turns required with absolute an<l ctnepleU* frccurary, Apart from 
fhe somewhat indefinite nature of ihc?leakage? paths, the lengths 
of the paths in the iron portions hi the magnetic circuit can only 
be calculated approximately, a mqan having Ik* stmcjl between 
the longest and the shortest ; or again, the area of cross-section 
normal to the flux nyiy Ik? contfhuously varying (as, for example, 
in the pole-piece). A mean vahie must then in practice be taken 
a*nd in the estimation of thjs considerable judgment may be requftod. 
A second source of enor is that niif calculations are based on certain 
. • • 

* Cp. Chapter II, I 13. 
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flux-density cum*, yet the particular class of iron used may not 
be exactly similar to that for which a curve has been obtained ; 
cast iron in pal titular varies considerably in its magnetic projierties, 

.... . Still, when tested after comple¬ 
tion, a dynamo should not require 
. • .to lx* run at a sjxrd differing by 

9 more than 5 pea cent, from the 

, * designed^ s|»w <! in order to give 

^ * the designed voltage. 

, | 6. Calculation of air-gap per- 

•. a -noauce of imooth-core armature. 

. —In the determination of the 

held ampere-turns two portion* 

• * of the magnetic circuit require 

* furl her disunion U vnfid the 
mete sliitetili'iit that the area and 
* consequent tinv-density must be 

I * calculated or measured. These 
f are the air-gap of the armature 

,c- " whether smooth nr slot ter), and 

the tevlh of tin* slotted armature. 

In the calculation of the air-gap 
jn-rmeance or flux-demity therein, 
it must 1»* borne in mind That, 
owing to iJu* spreading of the lines . 
as they i^tie out of the pdar face 
and pa** into the ^mature core, 
the area of the ait-gap is greatei 
lhan the area of the bored face’of 
the |H»le-slu*\ 

The actual piths of tike, lbix 
curving out ,of *hy pde-tijs into 
the tips of the armature teeth call 
be shown by the beautiful figures 
obtained froty photographs di the 
st ream-lines in a coloured viscous 
liquid forced bet ween twosbect^ of 
glass. This method of investiga¬ 
tion can be made to imitate with 
exactitude the analogous passage 
of lines tl trough raetlia of different 
, permeabiUt y, and from the original 
pgper on '' lams of Induction in a Magnetic Field Ml by Professor 
Hete-Shnw and Alfred Have wjio first vm ployed tfie method, Figs. 
248 and 257 are repiiuluced l*- Hie kind permission of the authors 
1 FA»r|Y>«»5, scries A, Vol. IW. pp* 30^-327^. 



Flu. 2-to. -'Fringe of held At pile- 
edge with toothed wnulure 
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and of the rfoyal Society. 4>*bsequently % Professor Hele-Shaw, 
i)r. Hay, and Mr. Powell published 1 a number of sych stream-line 
pilot graphs expressly design^) to illustrate the phenomena 
occurring in a toothed armature, and to the accompanying papers 
the student is es]#\iaHy referred jllyy cleaily.show the refraction 





Fro 249.—St ream-lim* p]iAi< paraph* n*j»r<‘si ntm^ Itux distribution in 
(a) snvoth, {fc) tootbfd armature ^i'rnf \V*M. Thornton). 

• • 

of the lines as they pass from the aii, a medium of low jut mobility, 
into the irotj, a medium r^ high permeability, and also that owing 
to 4 he low valuer if the ratio l/i, eygit when the lines wil Kin the iron 
are approaching th»» bolinding surface with a wry small inclination 
thereto, their exit into the air is made practically at right angles 
to the bounding’surface. • i * 

Further stream-line phob»gTa|flist which show the inter polar 

• « 9 

* Jour*. J.F. L , Vol. 34, 21, and VuP 40, ]*. 228. 
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fringe well are rcprcxluccd in Fig- 249 from originals kindly supplied 
liy Prof. W. M, Thornton. 1 

Lastly, to complete the pictures of Fig. 237 fur the leakage of 



internal (X>U*s, there is added 
Fig. 250 showing (he nature 
of the useful lines of the 
m terpol.tr frmge in the three 
'cases, It will Ik- seen that 
they fill up" the spares left 
blank in Fig. 237 which only 
included the true leakage' 
between the polcMores and 
shoes. 

Not only do lines pass by 



a curving path into the core 
liuin the sloping or radial 
edges of lilt* |>olc-li|is as 
shown almve, but some also 
enter intotlie aimature from 
the outer flunks of (tie pole- 
pieces at tlie edge ol tlie 
Imre, and this i> esjvciallv 
the ease when, unusual, the 
length of the armature core 
is slightly gieater than the 
width of the fmtt-s, parallel 



to it (Fig. 25If. 

(a) The interpoLir fringe .* 
The distribution of (lie 
magnetic potential and of 
the Hut pinpoints in the 
interpolar gap even on no 
load 1 when only the field 
M.M.F. present cannot be 
expressed by any simple 
formula with mathtmatival 
accuracy, nor by any empiri¬ 
cal formula that U of 
u reversal application. Still 
less xan it iw. so expressed 
undcY load when one of tlie 


M^.F. systems {that of the armature) is not symmetrically 
placed in reference to the* pplar sy*Lcm. One ideal case can. 


1 Stc also Prof. Thornton’s papar, * fhe Distribution of Magnetic Induc¬ 
tion and Kysterrsis l-os* in f\r!Haturc*. , ‘ , y<Hir#. I.E.E.. Vol. 37. p. 125, 
pigs, UV*24, fir ihe above <uut raaAy others in ad-Htion. 

• * 
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however, be exactly solved on* no load, yiz., that of a flat 
armature core with smooth surface at zero potential throughout 
to which is presented a pair of j*>]cs whose edges are planes nuking 
a right angle to the core, these poles being at povntials -|- 1*257 
AT f anti - 1*257 .4¥ r respectively tlnyughnut their entire surface. 
By use of the theory of conjugate 4 functions 5 Jr. F. \\\ Ou ter 1 has 
shown that in suVh a case the normal value which tlu* flux-density 


has under the greater jwrtinrt of .the pol a\ area when tluynu-gap 
length is uniform is not mamt Alfred right up to llie edges of the 
polo-face, and that the deqea.se begins at a distance from the 
pole-edge practically equat to the air-gap \ al the extreme edge its 
value isO-84 of the normal. and theme if the opposite pole is absent 
it rapidly falls, as shown by the iipjvr curve of Fig, 252. 

In the above c.w* of a pole making a right angle with the immature 
core and apart from the presence of a si-cond pile, the curve for the 
flux-density ot the fringe i* closely 
approximated between the limits of 
v 2 I a and v VAi g if it is assumed 
that tlie length of p.ul) of the lines 
entering the arma'ain- f 11 »rq a N. |*de 
or leaving it for a S. p»1«\ at any point 



distant v i i'))1imi-iit*s (measured on ihv „ 

aimature s5tlau-) fioin the pole-tip 

"P t***o<<*n I. t'l<» mi.. 1-n.us- .. 

'a cuived ah of length wheir flank. 

$ X Tt'l ; the tlux-drndly is 


then 


257 n r T 

\ L 


T^iis approximate expression fails however 


cIom* 1o the imle-cdge, so that for great el 

act i 

uracy in a 

i numerical 

calculation mi 

additional multiplying f; 

tel o! 

m may 

' be 

Used, 

which hn> 1 he tdlowing value■— - 


■ 




TAHU. V111. 
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But now in 

the case of the adult! interjadar fringe the 

effect 


Ttys causes ftic fyix entering or leaving the armature core to become 
zero within the intcrpeJar gap, ami on no load.it is evident from 
considerations of symmetry that the zero )>oipr occurs on the line 
• * , 

1 " Note on Air-gap Induction,” /omiM. *\KM, Vol. 29, ]> 929 Sec alto 
J. F. H. Dotigixs, " The Reluctance of 'Xorw Irregular Field*," 7r«i. Amrr. 
[.EM.. Vol. 34’ Ft. I, p. 1067. and Fi M. Roeterink. ^rcAn/ jur hltktrotekmk, 
Vol. 7, M#19, p. 292 * 
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of symmetry Initween the two politt.’ At this which may be called 
the " tangent point ” of the field flux, the resultant flux as it passes 
across from the N. pole-tip to the S, ^de-tip only just touches the 
armature surface without entering it. If c be the distance measured 
on the surface of the armature 1 .'tween a radius 4 drawn to the pole- 
tip and the interpolai hue of symmetry, it might U- thought that 
the case would he truly represented by taking the upivr aim 4 
{I'lg, W\) of the flux density from ;rti a-Miirted single pole from 



x 0 to \ c, and debuting fn»m it the tAvrxsl continuation 
of the same curve fiom \ c to v - 2c. Hut this dues nut make 
the flux density assume its light value at the pole-tip which for pied 
the starting point. and a characteristic of the true ease »s that all 
inlerpnlav nnves, wUilevei ijie value of r// #p at the jmlccdgc very 
closely approach the value v»r c-i t • * ® . An exact solution fortTie 
same ideal case when both jxde-edges make a rigid angle with 
a flat aisnalurc smdacc winch is throughout at zero potential, has 
been given by Mr. F. \V. Carter in th^almve-mentiflncd paper, 
and the results are reproduced hi the low/cf curves of big, 252 for 
various values of r// f . ’ # 

The edges of the polb-shoes facing the interpoUr gap are, however, 
usually inclined to the cylinllrirtij surface of the armature at some 
angle othgr than a right anglf. IJ> meet,this practical ease, the 

value of the flux-densitv in the fringe as calculated for a flat armature 

• • 
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and a |k>lc-ni£e at right angles to it may be multiplied by a factor 

m 

Mg 

JV .. . , where y is the angle in circular measure made bv the 

0 9 y \ i I* * 

jwde-edge with n Ime joining the jxjlc^lip t«> a |^jint midway towards 
the inlrrjH.la! line of symmetry! Such .y>pioximatc correction 
factors are add«M in the upper part of Fig. 25U. * 

The above i^leul c.isu. elicit collected t«»j the iprilllatioll 

of the pole-edges, tails to uqfli*>em strut ly the true vase ot the 
actual armature tor learons to V- explained in < h.iptrf Will, 
but the results <»i I'jg. -Ware >nl/n ii-utly Aral to the truth lo wariant 
their application to pi actual in-. By theil aid with increasing 
values of y horn 90 to 140 , the cui *«rs of lug.-53 have beell plotted• 
which have |io\v lit he explained. * » * 


K 



• The atUlillop.'-l luimist of useful lines entering' the armalurr 
con* as a/ringr along anv edge may he taken iuio account bv assum¬ 
ing the normal denrilv/f, to hold over Ihe entile pole-face, and by 
theft adding alongJhe edge in question the |K*rmeame of an addi¬ 
tional strip of air. This strip must be of such width that with a 
length of path through it equal tolliq normal and with the 
normal density assumed to he caused in it by 1 257 A 7 f , the 
required addition to the flux is obtained. The effective yidth of 
Ihe equivalent strip of iir along the edge parallel to th* axis of 
ration will in general, be differed from its width along the flanks 
of the pole-shoes. Thus the width of ihe strips pointing the 
equivalent of the intcrpoUr fringe will depend ujkiii the ratio c\l 4 . 
On the other band* if a be*the ampn^t by which at each ertll the 
armature length exceeds that,rtf \hc pole-piece (Fig 251)* the 
width of the strip producing*!* equivalent of the flank-fringe will 
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depend upon the ratio ajl 9 . In both case* the width of the strip 
may be expressed as a certain multiple of In Fig. 253, therefore, 
are given th£ values of the co-efficient K x by which in a smooth- 
core armature /, must bo multiplied u* obtain the joint effective 
width of the two strijK, one along each inter polar edge of a single 
pole, as determined from Fig. 2*2. 


(A) The flank-fringe. 

in *fVg. 254 i> givcP an .uulogous < iirvt- fr»r -flu: value of the 

roi-flicicut K t l>v winch l t must be multiplied m order to obtain the 

joint width of the frw efpiivalfti* slrps mu* on each side-flank of 
tin* |mle piece, for various values of <til g . For small valium of this 

ratio below 1 the figures 
for A', arc rather small, 
since in such rases, when 
the iiole-piccu is nearly 
as long as tin* armature 
core, some lines do not 

enter on the circum 

ferenee of the core, but 
curve round into the 
ends, vet these liru*'. 
hardly ttcrd r ti» be taken 
specially inio account. 

(c) Ventilating duels, 4 
There remains to be 
taken into account the 
effect of ventilating dvjcts 
in reducing the effective 
area of the air gap. As shown by the spacing of the lines 
in Fig. 255, the density of the flux diminishes towards the 
centre of cadi duct, so that if it lx* assumed ‘that the normal 
induction holds throughout the entire area, a certain projjor- 
tiou of the width of each duct w u must be subtracted.- This 



♦ * « 

proportion, as dejvndent upon the ratio y t has been given in 

r " * * * 

a paper 1 by Mr. Carter, trmn which is derived the curve of Fig. 256. 

From the value of L f the axial length of the pole-face must therefore 

be deducted an Amount ecpial to K % \ multiplied by tlie number 

n d of similar ducts which are present. , v 

If D be the diameter of the"armature core, and l f the length of 

one air-gap, the length of arc subtending the polar angle at the mean 


radius of the air-gap is F l t ) 


polar anfle 
360 s * 


1 World and F.ttfinHr of jlfW York^ Vol. 38, p. 884. 
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Id order to ttke into account the Cringe at each of the lour comers 
of the pole-piece, the strip along each flank may approximately lx* 

Ki • 

extended past the edge for a distance of —• * in either direction ; 



1'JG. 2>v i it lit wittim .01 iliii.t. 


tin* total permeance is thus the sum of the ihio- pt»itit4i>> in pai alU l. 
or it I. r - the actual width of the poTr-kne along \}w asi-, of the 

ai mature, 

■ 

{L t A«, ii’j ti ti } Kjigil.f Kj w rf ^ Ay y (.I ’ 1 /\, / tf ) 

? l, ' .. 

fd' K t E) (L, | KJ„ EjU jU/i 

K ’ 



Hence the effect itt; area <4 the air-gap of the smoot h-rore armature is 


. ^ - {A' + K t l g ) (L,'\ EJ a -K,w d n d ) 

and from this is lakiihtcd the normal %ir*gap density tt g 
wlrence * 0 , 


AT, t 0 8/V',. 













4flO CHAPfER XVI 

| 7. Calculation of Air-gap permeance of toothed armature.— 

Owing to the presence ol open ’slots in a toothed armature the 
direction of tar lines in the inter ferric gap is no longer strictly 
radial from pole to armature core, nor is Uirir density within the 
Ixric of tilt: pole-piece uniform. Along the edges of the sluts the 
lines curve round and enter t& iron through the sules or flanks 
of the teeth, and as their palh is then l<«ngrr that' that of the hues 
wliic fluentei direc tly ihiongh the fare of the teeili their density 
is less, big, 255 will, ii* fact, rqd.dly welt jvprese.*,t the held uIhim* 

a shU of which the width 
» ic g is three times that of the 
gap. Unis the total flux 
is divided into hands of 
ileus** and weak density 
nnresponding to the teeth 
and slots, as may 1 h* made 
visible by non filings intro¬ 
duced into the gap after 
the method ile^lihed 1»V 
hettmar (A 7./.. vol 21, 
'p. 944 j. I he flux in the 
uu gup and the 1 acin.il 
curved paths id the hinge 
at lire "lot-edges are also 
well shown by the "tiCaro¬ 
line pliotogi,*j>hs (big. 257) 
described at l)u* beginning ut 
$ tt. I lie gradual broaden 
“~j ing " of each siivaill-hue 
,• of passing into llir slot indi¬ 
cates the weakening of the 
deii>it'’, of conversely ♦he 
density is pio|*ortioii,d to the number of stream-lines ait per unit 
area in a plane normal to their direction. 

The permeance of the air-gap of the smooth armature (apart 
from the fringes) being equal to the area under the pole-fact* divided 
by the normal length of the air-gap, the permeance in the case of 
;i toothed arnuture is evidently less by some amount depending 
mainly upon the relative proportion of the width of tooth to the 
oiHUling of the slot and of 1 Ik width of the slot to the air-gap. The 
question is. however, still more complicated, sim e with any given 
values for the ral Los of the width of the tooth at its top to the width of 
i he slot opening and of the latter to the air-gap, i.c. with fixed values 
of a‘n fw, and v t l f (Fig 25$) tjie ratio of the permeance of the slotted 
armature to that of the smooth armature of the same dimensions 
may not always be the same if other conditions are much varied. 


A. A A 


r v r s 


I'lii. 257. <*f tins in Air g.i 

tni'tlird .irm.itnn-, IViviimI'iIiIj 
Irt-lh 100, 
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fn the smooth-surface armature the bored face of the pole*piece 
and the portion of the armature cylinder corresponding thereto at 
once give two equipotential surfaces between which tfiere is a certain 
uniform loss of magnetic potential corresponding -to the air-gap 
excitation. Hut in, the case of lb* t'xrtliott arjn.it rnr the air-gap 
and teeth project, as it were, into .»♦ e another, so that the mapping 
out of the bowr Janes that are to be assigned to the air-gap ami 
teeth excitation respect rely 4s not so easy a matter. In ^jig. 25M 
there have Ixhh drawn a number of rqui potent i<d surfaces cutting 
the flux at right angles, and from this figure it w ill bo seen that if an 
rquipotential surface be taken winch comtidi with the iron snrfate 
along the tops <>1 the teeth it will be crenellati-u round the }*eriphery 
of the torched iron core, since it dip* downwards into the shits 
between the teeth, 

1-ct a jxdlit x be considered in lht*middlv ol the an-gap. lixrd 
relatively to the 
l*ole, in a line with 
the centre of one of 
the packets id which 
the armature is 
composed and 
opposite oi nearly 
opposite^ to the 
centre of the jade*- J JO. 'JSH. I-ipiiiwiUiin.il inax>J<'lu -urf.u<"i 

•lace. The induction t .1 t.N.ii^i -miMim.. . 

at this point v will * 

then vary in tune, as the toothed armatine iota to. and the .ijHiiing 
of a slot comes opjKisite to it : its itvslantam-ous value al timef may 
]>c symbolised as F Vm , and il will pass ihi<nigh a i \ i ]«• ot values in 
the time retired for a tooth-pilch to piss by the point x . When 
the centre of Ihg crown of a tooth in the packet is exactly opposite 
to the point x, Mic induction F a t will reach its maximum value, 1 
which may be symbolized as B, Coirrspi aiding thrrelo, there 
will 1x l a certain differehec of magnetic potential .hiov. from one 
side ^o the other of*the air-gap, viz.. B tmn i 9 1-257 .17*,, and 
this provide* us with a measure for tin* amjvrc-tunis of air gap 
excitation expended between the 1 wo eqiupotiniia) surfaces that 
arc to lx 1 used, the one living the bored face of the pole, and the 
yther coinciding with the tips of the teeth but dipping flow wards 
into the slot* Now' the awrage value of B ( ^ over a toofh-ryrJe 

♦ . 

1 The point ot maximum* induction cgt the iron surface of a tooth occurs 
along the comer at its extreme rdgi?; this local cfto-Uriot* not spread to wiv 
great distance through fhe air-gap from the iron edge towards the pole^adf, 
but it makes it necessary U> define Ii 9 as .he mean between the density 
at the centre of a tooth and the maim Urn on the pole-surface wluch occurs 
opposite to it. *The increased dcrfwLe* at tliv cd aes of the teeth are welt 
shown in Dr. T. F. Wall’s ex^ehmentv ijauht. I.b.k , VoJ. 40, j». 550). 
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will aLs/> fa the maximum average yalue of B g ovet a tooth-pitch 
between the lines CD] EF (Fig. 259), and since it does not vary in 
time, will be Witten U 9 : although an average over a tooth- 
pitch, it is a maximum owing to our choice of the position (o be 
considered, viz., nearly opposit • to the centre of a pole and along 
the central line of a jacket oWh-rfs. It is this constant quantity 
which lias been intended in previous equations containing B $ 
and tli* use /if wliuh it is pnqtosed *o continue, its great service- 
ablene is‘in design being due to ike fact that froth it can quickly 
be found the uiirnjreeled drits^y li* , at any section of the tooth. 

Next, let 1 257 .17* mgw x Kl g . Then A' and Kl f 

**t mat 

is*fhcj'ffe< live length of the ay-path between the two equipoielitial 

surfaces if they were 
concentric as they would 
1 h* with a smooth core, 
but wiih the same venti¬ 
lating ducts. A defini¬ 
tion of the air-gap of 
the toothed armature of 
which the permeance is 
to fie found is thus 
obtained. The difficulty 
still remains that K is 
not strictly a constant 
even wiih Ihc same 
values rtf and 7C,'7 tf ; il is also, although to .i less degree, 

dependent upon the depth of the slot, upon the taper of the ter*th, 
and upon their permeability, since upon those latter factors 
depends the exact curvature of I he lines w ithin the slot, and there¬ 
fore the depth of the crenellations of the eqiiipotential surface. 
Why tins should be so is rendered more evide.it If.wc consider Vhc 
extrrme cases of a very sliailow slot, and secondly of a highly 
tajiercd to<itli. 

In the actual armature there is always present a tendency for 
some llux to pass straight down the centre line of a slot into its 
bottom surface with'a rlcnsity inversely proportional to the dr.ect 
distance from the jKile-face .♦« the bottom. Such a tendency is 
not very evident Jn Figs. 257 and 248, since here the shies of thf 
teeth dre parallel, and their permeability is con.sta.it and high, 
so that little potential is absorbed over tlieir lerfgth, even thobgh 
the depth of the slot is considerable. Sucli a tendency is, however, 
well shown in other $t ream-line diagrams giver in the above quoted 
paper of Professor Hele-SCiaw, Dr. flay, and Mr. Powell, and it 
would b^ strengthened if the reluctance of the teeth were increased ; 
the large number of ampere-turns expended over the teeth would 
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then be available for assisting c.wards such a,ftc)d. the linos within 

the slot would be slightly straightened, and the equipment ial surface 

defining the air-gup would fall at a higher level within the slot. 

Still fixore would this be the case when the slots aiv very shall*<\v, 

as in Fig. 260, when the lines woud^X' further straightened, and 

the proix>rtion of the flux entering ihe faces ' f the teeth would In* 

higher than in an armature with the same values id «•„, rr fl and 

but with deep slots. • f* 

* Again, if the tajvr of the tooth is consider able (Fig. 2t?I), the same 

straightening effect is produced 1 ^lie delimitv at the root would 

rise to such a high value 

that lino begin again in 

appreciable numbers to 

issue forth into the slot 

as there shown. The 

taper <»f the tooth is 

itself related to tin: tatio 
» 

of the area at the root t<* 
the area at the top, with h 
has been already dis¬ 
cussed in Chapter XIII, 
y.B 

But ell* Mlgll has 1 h '< U 
said to show that fv is 
strictly determined 
solely from the cotnpi.n- 
tive values of air-gap and 
width* of slot ami Uvth, 
but is al*o dependent 
upon the magnetic con¬ 
dition of the 1 neth and 
the depth of the dot. 

In order, therefore, tp simplify the pioblein. miiiip «.f the |<*s 
important factors which enter into it must be disraidcd, and only 
such variables lie regained ;is suffice to deteiiiJine with reasonable 
accuracy the rases which occur in mdir >ry practice. The assiirnp- 
tintft may at once Ik 1 made that the non i’eetli aie very permeable 
as compared with the air, that the 'ides of each tooth an* sensibly 
parallel, so far at least as the entrants of the sl»l an* ronij'ined ; 
and, further, 1 hat the deptu of the slot is by comparison so gieat 
thaf no lines penetrate to] he bottom M it. Wit h t hevr siinplificat ions 
the mathematical solution <if Mr. Csftler, on which is based Fig. 256. 
is alio applicable4o tfie deterjuination of the effective length 
air-gap, and has been so applird by him m ihe above quoted paper. 1 
The validity ■of these pssuinptu.ns, a nr) the accuracy of the 

* *■ Air-Gap Induction," BUct . World anJ Unginter, 30th November, 1901. 



I'u; 2UH -- ShallMW li-i, 

• • 



1*1*;. 201 I'lfirt tif |m<lh ttitli HiiiMiIri’ 

Uip* r. . 
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mathematical results when applied*! ft the practical cases of slotted 
armatures, are amply borne out by the stream-line figures obtained 
by Professor Hcle-Shaw, Dr. May, and Mr Powell, and by the experi¬ 
ments of Mr, T r. Walt (Journal vo|. 4ft, p. 550). 1 * White 

the ensr of an air-duct is no t ronvettirnlly treated as reducing 



I’JO. ?l'* Fxti'jiunn cocllhirnt f«»r effective atr-gap in tO"lh<*i 
r armature*. 

<1 >i 


the effective area of the air-gap, the case id teeth and sluts spread 
over tile whole area is best . rcated in^.the reason g^ven above as 
increasing the effective length oj the gap. The contraction coefficient 
upon the supposition that B, held over the peripheral length of 
a tooth-pitch when this is reduced by subtracting A F jtr, frojn it 

1 For the effect of tooth n'l^ttfoT and for the small influence of the depth 
uf dot, if not very shallow, see F. M, Kocterink, Arckio ftir EUktro- 

ttchnih. Yol. 7. p, 292. <j». aLu i*2. Ga.is, /frcAii’ /tSf EUktrotockmtk, 
Vot. 9. IttSO, p. 231. - 
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would be C ~- 


v a + ir 9 (I-IT,) 


Tlw extension coefficient is then 


^ * w n "h u # 

C U*|J “!• U', (1 A'j) 

• 0 

Since A, ■ f‘ >, wo i<u - reach tin 1 same value for 

J riliter as U 88, mu l 9 ur .is U8A, „ (fll A7,. In this way, 
therefore. i* <■« instructed iV set of curves given in Fig. the 

I'leMiricnt A' by which tlio »!iur* distutur from ihe ti]>s of tin* 
tooth H> iho pide-facr must ho nmlnpfu-d >u hi del in nht.iin ilu* 
effective length h( au -gap, <h tin* At', nlati-ii f< »i a smooth 

core nnixt ho multiplied t.» obtain tho io.il .i'/„ id tho toothed 
armature. 1 . •• 

Fur tlio ». 1 m- id half-< itisoci sluts tin* sain.* li.a\ apuilli.e 

n"OiI, but with tho \ a1uoM»f A" nn loasott )iy 2 uj dpi o ut., a 1 , being 
replaced hv llie .u tua) slut opi ning tc a , ti-njj i.j Mi . IWoil’s 
figures- with Mi. i aitoi*s results sli.ixvs ihat tho widening of the 
slot below Iho mouth m<T 0 *W" K, fblglit be e\]H-ctrd. hilt i.i 
practical ■ asrs only by ;* small pen tillage. unloss > it her the overhung 
U* very gie.it or tin* hp bewriy tInn A in wlu.li i.im-i tho inciease 
in the value uf A # may in* to # ( >j 9 per * eiit. 

Whell the j*de fan* is sjolteil as Well as ijn- .um.iluie "llllacr, 
i t. when bmh rotor andsl.ii.ir aietoniUcd. as m 1 mho-ahemalms 
with nort salient jxdes, an rmpmcj] l.unmla 3 gives fui tin* combined 
result * 

K 1 (i-A i I.i. . (112) 

when* ami A,are i lie calculated o\li n-imi <<.> Hi< imis f«»i the whole 
air-gap length lor jnlni and slaloi srjiaiat. lv willi tin* op]M>sife 
fare Assumed »o he mislotied. 

(.iivetl tlio Gallic of AT a and «■! 7 f„ ,„ Ai ill tile loulhed aitllalljfe, 
tho detrilllillatl* 4 i of tho total air-gap jHimeitlhc aihfc of the tidal 
IlllX of a pole-pitch *!>„. at least to a i lose d. cur of approximation, 
docs not present any seUoiis difficulty flu* Mux of a looth-pil'h 
right irross iho axial length of the utmalnie is closely 

mo* fart t - ^*) Of I ^* 3 u d ,r d)- 

Thi%assumes that for the same axial piojei 1 u*n in llie toothed as 
in the smooth armature beyond tin* polo-piece edge, tfic effectivc 
joint width of the flank-fringes is tlio same in spile of tho ^irfa<e 
of the armat 114 c surface beirg part iallyVut away by the slots* lint 
sine# this width v only reckoned a^ being filled with flux at iho 
dendty fi 9 mt* wlrt:reas*at the retire of a t.iotli file width 

1 for the same value* plotted on a clifTfrcnl v-e J', <’ Hadiiif 

bMdr.. 8 th Jan.. 1909 » JourH. J.E.K.f Vo' 40. p. XkJ. 

* For »hiv.b the wnter is itidohtetl to ?«0r k. Ha^uc, ..f die t.ity aud Oeilds 
tl'JijDiiecnn^l (Vflli'jfe. For s* ditfi^nt l.irn uln, M'e F. W. Ttanf m 

.1 tmr. ( E E, Vol :I4, Fart 1, p ||K, and*7*f/i . V*,| HI. p. 400. 
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is actually filial at the density By the er.or involved is 
inappreciable. * 

As regards 1 he inlet polar fringe, the mlhuncc r»f t ho deni ated 
surface become less important towards the centre of tho intrjpolar 
K»p. where the path of the line - frr>tn the pule Jo the armature core 
k in any case of considerable eu^tli. It is only therefore near to 
the jHde-cdgt: that the density of the fringe is mu h reduced ouiu^ 
to the broken surface of llu- core. U thciefoie su flues, as in the 
previous case, to assume the sai io ]*’uphHul width of fringe as r.i 
the smooth armature, viz. A’ t /,, tilled with tin d*-n»iiv H 9 

1 he sawn* expression for the effective area of the air-gap, a t , 
as given in tj (i for the smooth armature, will 1 bus he retained for 
t!r* toothed arinalille, viz.. 


l.l' ! A’,/„>(/•/ 1 KJj A' i1 .v lj u,d 


hut 


AT, CWA7, . 

J in* total air-gap relmluriee of one |m» ia— |viti Ii is 

A7. 


M13) 

in 1 } 




( I ; A j/ tf ) I / ( } A A j 


, 1-57 .t I\ 

(I>. ■ ■ 

KL 


muit 


(■I ! A|/,,i {i f ’ i\ J„ - A j« 4 n j! 

\ 

■ ana <*f a |>«►h'-lUlMl, is. 


llu* mean density over the whole of I hi 

niai 

T7(/> [ I,)*;'2f> 

whence 

. (.V I W (/, \ EJ V K 3 u „ kj\ 

k n»< um • • l,,s ’ 


For a given type of roast ruction in which the jmmher of ventilating 
duels is proportional to or /„ k becomes practically a constant, 
and for continuoiiM* urr»*nt machines may be taken for the .pre¬ 
liminary processes of design with commutating |>oles as 0-66 to 0*7. 

It l^s above been assumed in both the smooth and toothed cases 
that tlie bore of tfie poles is concentric with the armature. When it is 
larger or the pole-edges arc n\ucli chamfered off* so that iron* the 
centre of the pole l f increases ^onsiderahiy, w should strictly 
\k' calculated sciuratcly for each tooth-pitch, and the mean of the 
valtics lie derived t]u.Tcfriim l4 .but it often siiiftres to take a mean 
value for l f under the pole-fec£ * 

The tfidth A' a h-j >t d al,wa» extl-cA* A’ t 7, and the net amount by 
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which L f is reduced as a general rule mote or less nearly balances 
KJ,, so that roughly 


}~f~ . N 1 


<N«) 


With OiiiumitJliug poles ft (MW ty 9 7, .mil lift-irfoio also k. 

t 8. CalcuUticn of reluctance of teeth in toothed armatures. 

Liu* next ion i> the determination of tin- ampcrtMiiinsrujjgssuiv 
%o carry the lines ihioiigli the tei il. and sh.tV tioin tht* iujmpitrnii.il 
surface Alt l«> tin* nnhiokcn cuclc « e iuiiv lr\cl with tlu 1 Ik it loin 
of the teeth flig. 258’. In ofdcr to nuclei rentable density in the 
air-gap and t>» limit the reactj«m of ihe ajm.itair uin]HU-nuns nn 
the field it is advisable n» wok the ti;etli at a high ik rnilv, mi th.Pi 
it iMuoiues inu es^ov it* calculate closely the ampen -turns itujnintl 
nVel lh>‘ teeth, especially when tlu-y air «kep jUi| much infixed 
in area at the bottom owing to then lapei mg shape. 

The commoniv accepted inetlio.| 1 of rah nl.it mg 1 he atnpete funis 
ot e\t itanonV.sp il'Inl i»v?*r the teeth Iiu# -Inllr <1 aim.itmr pr-* 
Mippo*rs that teeth uii<l -'lots may he divided into a number of 
corn-^Hinilinu transveise sections fr.jpt tip t<> toot, and that m 
parallel with i,n h sn t ion of iion anoss a Inoth is a < on esp aiding 
stiip of air extending across the width ol half the ''b*t oil ril hei side, 
and of the suite tadiil ilepih ; next, that ihe iota] Hu\ <mn"'pond¬ 
ing to the width of the tootli-piti h is in 11ll* « ,m of ra< h small serf if lit 
•livide.l between ihe tv.o parallel path** of ail and lion in pro] Million 
to their respective permeances. On siuh an assumption. as the 
seel ion of a liolh l.ijiers, the -ides o| ihe sjol bring ill tin I 1 uses 
parallel, the ph-p-i I ion of the total flux whi< It is rallied by the imn 
progressive!V decreases as the roof of the tooth i» uppin.K ht-d ; 
tie; density i^lhe tooth pi ogtrssivvly rises aiM may leach a veiyhigh 
figure, yet fioin this Very fact tin* tame ol the ijoti iixoase-., 
and lines are. a it 'He. xpierzed out into the slot, Although 
the method in ipteMion is far imin u>mi tlv repiesruting ihe a< tu.il 
facts in the region neat The noun of tin* teeih, it ht-'oines inerea 
inglv iriir as ihe rooted the tooth is appio.iched, and on this an mini 
as will be seen later, it yields practical n suits of value. The inelhod, 
stristlv shaking, assumes that the cipiiwili'tilial stnlares divide 
t«x»th ancl slot into a number of nmo'iitrir layers ; in reality they 
^insist of a number of ridges and depressions, sojnewhat a^shown 
in Tig. 258, nnd these gr;* hially become more and more *pi;ue- 
corflom] but (>f fiss depth as we approach the bottom of the slots, 
until they finally become nearly concentric <i rides The experiments 
of Professor Hcde-Sl^w*, Dr. Hay, and Mr. Pffwcll show, as migl^t 
be expected, that the flux in Wh tooih^intaled well undo a pole, 

1 Due to Pinball and Hoi -aft. KLoctric Generator*," F.nginrering, 

Vo). 66. p. 130. 
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so far from diminishing prugressiw^y as we move from tip to foot, 
increases at first for almitf half the length of the tooth, but shows 
a reduction again towards the root. This, however, only occurs 
when the fiiJX’dt risity, approximately speaking, begins to risajbove 
fi t 20/100, and it is then tbit the un-llmd finds its application 
m practice. If the pen entag* winch the (lux rained by a tooth 
heals to the total flux corresponding l«i the tooth pii* h is plotted 
in rchpjon in distance along the terlh/rom tj j> f f> root, such typical 


r>«< i« imu 



ft 1™ f ~ ■ • >—. ■»[ 

-{V** J 

A .1 /: ■> J/ 
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If all the flux passed through the iron tooih'fwmiip to root, the 
curve of flux-density plotted i.i relation to distance from the tip 
Upwards the root, being proportional to the vwi|)rw\J of the width, 
would* be convex when viewed from the axi* of distance along 
the tooth, while, if lines passed out of the tooth’ owing to its 
increasing reluctant* into the slot, t uttfurves would l>c straightened 
and finally become concave. Wlwn the ox]'crime i dally obtained 
densities are plotted the curves are found always l** connive, 
and towards (tig crown of tfie t^ath fall Jwlow the c«r\j^ which 



Fit;, 264.---Ann* turns prr ccntiinH ji' Imgih of tflT'-'-poncJmg 

In ‘Jlvl 


resuk from supposing the Dux to lx* divider! between iron and air 
strips in proportidh to .their relative jmi meaner*. Tims the t 
tooth gains a considerable nuinUT of l f nes at f.rst, and file in< rcasc 
is rapid; as the reluctance rises, the increase falls off, yet on 
the whole there are always more Inn s in I he tooth at its root than 
^t its tip. Thus corresponding to Jhe upper curves of Fig. 2B3 
ar<^ the curves of the lower part, anil it is from such curves as 
these that the amperc-jums of excitation over the teeth must be 
estimated. Owing to the hunching of the lines at the comers of 
the teeth the density is lh$re somewhat in excess of the dgpshy 
at the centre of the crown of tln^toofh-an effect which may Ik? 
seen in the ‘Stream-line Jignrts Dinara ling the paper of !*r<jfcssor 



$00 
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Heta'Shaw and Ur. Hay, The ratio wjw n chosen for illustra¬ 
tion being about Q-8, and the mux within the teeth being 
assumed to- by concentrated entirely in the iron without any 
allowance for 1 tie paper or other insulation between the discs, the 
flux-density eftra* up to the tips of the teeth is about 1 -66*Tunes 
the mean density of itic air-g^?, so that the tip densities of 10,000, 
12,000, and M,U00 borrosponti roughly to the air-gap densities 
i*f H 9 t>,00(], 7,2t)0, and 8,500 of tin- npjntr part of the figure. 

If tk; specific ampere-turns required per centimetre length, in 
arcoidame wilh h'jgs, 209 and 210. are now plotted in relation to 
. distance along the tooth for each <jf the t urves of big, 2162, we obtain 
tile three sets of \ lirves Id big. 284, corresponding respectively to 
Hie lip densities of 10,000, 12.000, ami 14,000, An examination 
* ni flie.se suffices to emphasize the great divergencies produced by 
even cempuUtively small differences in the amount of reduction 
of area at tin root as compared with tin* area at tiic tip of the tooth ; 
and also lh>w complex is the effect of differences of aii -gap and dept); 
of slot in causing entirely different shajvs of the curve The mean 
number of amperedmbs per Centime!re has been added to each 
curve, and it will he seen that on the whole the most decisive factor 
is the degree of reduction of the area at * r hc root, i g. the curves (HI) 
for 48 teeth, with which the reduction of area is less, fall uniformly 
much below those (I and If) for !t8 teeth. 

It is evident that l he sjxsitie .impel e - him > per centimetre Inwards 
the root of the tooth have a lunch greater influence than thnsc # 
towards the itmwii, and it is for ibis ;v.iMm dial tfie method which 
is based upon the assumption of M>ttes|)oriihng strips of iron and 
air in parallel affords in practice a reliable guide to the ampere- 
turns expended over I he teeth, especially over the narrower pi»rt 
of each tooth, since it enables us to check the guv test density 
likely to at bo at the root, when the total flux is divided between 
a small strip of iron at the loot of the tooth and small strips of pir 
across the slot and ill the ducts in proportion to their relative 
permeances. 

We ,uv thus led finally to a division of the tooth into two halves 
from the crown to the centre and from the centre to the root—- 
and their separate titatmenU the former on a basis of 8t> tr> 85 per 
cent, of the total flux* of if tooth-pitch as present in the iron at the 
crown, increasing to 95 to 100 jH'r cent, at the centre as indicated 
by the f urves of liig. 2811 or ,as calculated from the proportion^ 
of iron* and air, and the latter on tfie^ basis pf tfie corrected 
densities calculated on the assnftiption of strips of air and iron in 
parallel. . " 

^rive total flux of a tooth-pitch take.n right Across the armature 
core under the centre of a jJiIm* 

• ^9 wax 1®'ii r {!•** *t’* h u'j n 
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At *ny height up the tooth, the area of iron in tire section of a 
tooth-pitch across the over-all length I. of the core is 
, w',r^ (/. 

whur, rj — the efficiency coefficient of the packing of the msul.itml 
(Uses, say, 90 per gent. 

Tile apparent or uncorrected ft o?-di twit v at .my section of a 
tooth, is therefore 

u> j, _ tc^ i'it’j !. f «• HJ C h 3 ii' 4 tt d « 

► x : x • M ! * 

u i \ *■ a j . w d 


where Q (u’ M J u 3 ) 


Lf 4 Aj/|' Aj m, 


v " 4 3 if;/. ti 

It will be seen that by the use of R t %, 9r it bc<"iue> umuToss.iiy to 
calculate the number <<1 teeth under the pule carrying the major 
part of the flux Tui tlu-i, for a machine of ^ivi-n dimensions 
P can be calculated once for all, and we lU.n have 

I ncoiTei led detwilv at the cm^'ii, /f' n 1 4 

Jj o 

... v 

.. rent i e. li 


It may also in passing be mentioned that it /., * A J t be identified 
with L ho)>. which it differs but little, ihe last hat ta n iu the 

. . .. M., A'Jl .... . . 


expression for (> become-* - I 


whole / i** Ihe axial 


kngth uf an imr. packet ami L («j \ 1:7 w 4 it 4 . Shn*r there 
is, say, a J-imh Ventilating dml between udjaci nt in»n packets, 
earli 3 inches wide, ibis reduces in aieiagr « -isex uppici\imate1y to 

# Next, on the assumption of strip*, of irorfand ait in parallel, at 
any section across a tonih-pilch at K t the ratio ot the total 
combined section of iron and air ty tin: net Hiction of imn alone. 
Iy$ valor, which is unity for solid imn without air-spare? will rise 
according to the amount of air in Slots, ducts and insulating Utritiue 
between the discs. It cannot be less than J/jj - say. MI, and it 
may rise to a&'fmfch as 4 g at the roots of the teeth of a twp-pole 
turbo rotor, when there are mat)} aiftl wide ducts and wide slots. 
Then if H 1* the magnetizing intensity acting over l cm, length of 
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iron and giving therein a real density of B p the apparent density if 
the total flux in both iron and air bfc imagined to be concentrated 
within the iron 1 is 


n t \ 

” Ii t \ 1-257 at (AV“1> 


where ut is the s|#*nh<; mi tribe* of atupere-t lints \H’t nil. length 
required to give //, in the iron t>i the teeth, it is therefore easy to 
construct from an original li t , at cuivr a >rt of curves connecting 
/b,;md >/j for flilh o nl valuer of />\ih shown in Iig. 265. 

Considering iJn- widlh <>1 a tooth-pilch, its total '-eel ion at any 
height np the tooth an J auns^ ilie h rigtii/, of tlu-c«»fr i> {u t \ «,)/.. 
and 1 he area of iron bring re, y (/. ie 4 . n 4 \. 


K, 


u‘, 


’ill- 


U ,,1 


(117) 


u 


ti' t \ u\ 
h 'l 

. /. 

T} [L if j n d ) 
for all for a given ma« hiur, aigl we have 


The value of If 


.U the ventre of a tooth. K 


call a bo he wmkeri out olive and 

* l 'o l ,v « 


O' 


it 


and loot 


ii r 11 

u ’n 


(V 


The method ie< nmmeiided for calculating the ampm-tun^ icqimvd 
over the whole length of a tooth is then as follows - 

(I) From the <rr<«i7i fa the centre. Assuming 85 and 95 |H*r vent,, 
of the total llux of a tooth pitch as present it) the non at the crown 
and at the centre jcsjurVively, the corrected densities* aiv — 
iV n X 0 85 a itj I 7? rr ll f t4 x 0-95, for which tlj»“ corrojxHid¬ 
ing values aty and at tc for the specific, ampere-'intis }**r cm. 
length arc found fmtti big. 211. The value for Ii tt may also W 
checked by n>mpiiii»>n with big. 265 for the given value of 
am! the value for at t< . thence found, l r p to this p rim since the den¬ 
sities do not, as a ruk much exceed 19,tXX), the difference between 
the apparent and real denuties is small, and further the average 
value of the ampere-linns per fin. length does not exceed greatly 
the arithmetical mgan of the maximum and minimum values. - 
The ampfcve-turns required from crown txt centre of tooth arc thus 

tWfOW. 


The actual curve of at being convex when viewed from the horizontal 

St * 4 . 

* ThniUKhout the following. w 5* Neville Cm “ Magnetic Calculations for 
Tapered Teeth '* in Hawkins, Smit*^, Neville. /'<i pen en the Design t»/ 

Alternating Ma* ktntty, p. 255. r • 




a scale. , io^io 6 



Jakulation of osiperc-ium* required by tooth relictAao* /fWv-I o* Fi»j. 2 10 " The Ca 4 eolation 
m of Tooth Reluctance.’’ by S, Xe\iiif, B.Sc., J?vm. t EE . Veil. S3. p. 61.) 
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axis of abscissae, the ampere-turns for the wider part of the tooth 
. are thus over-estimated, but by tAmparison with those for the 
narrower part of the tooth the inaccuracy is not usually of any 
serious account. 4 

(2) Frvttt the centre to the rtmtg The simplest and hot procedure 
for calculating the amjhTe-twtfMot tapering teeth when highly 
saturated at the root is the- modified form of Mird's method which 
haviwen worked out by Mr Neville,* requiring the curves repro¬ 
duced ih\big. 265. The. values for J he imcorrocUv' density at the 
root and for the u>rnqM>mbng slot ratio. A' rt , have already been 
given. f aking thru -,fhe um ofVrrtrd-density /f rt ' on the lower 
horizontal vale, the yalue of the umI H n for the particular value 
of K 4i is read off from the vertical scale and also along the same 
* horjzor.hil line the corresponding value of the integral, viz. a x 
The samV ptorcss is repeated (or a lower value of ii t at a wider part 
of the tooth, and a smaller value of a is found. The average 
excitation per cm length of the jmrtion of ttooth considered 
is then 


** fi li 
# If n n t 

I'Voin the ceiitii. 1 of tin- tooth onwards to it-, root, the method finds 
its application, so that in our case for the nmower half of tin* tooth 

it, 

<. „ ", ■ ■ ■ (US) 

Thus from lug. found /» u . and, the fvo values of a for H tx 

aml fl ltl respectively foi inseilion in (H8i. The total .imprir-tutTi^ 
expeiulecf over the length of a tooth are then 

• 1 /, }1 K ! • • (IIS') 

If Iheex.u t equiputenti i! sin faces in tooth and slot afultheexaU 
distribution of the flux were known, a more accurate de/erminatinji 


lxii thl be nude JjruphicaHy by plotting the specific afnpcre-turns 
in lug, 264 and integrating the area by plummetrr to find the mean 
ordinate. 3 Hut the relative proportions in ‘which the flux should 
be assigned to tooth and slot are seldom so accurately known as to 
♦.variant any great degree of refinement in flip metI hh! of calculation, 
although for irregularly shafted teeth the graphical method is 
invaluable. 


< 


1 It greater .ueiirac^is desirable, when the youth is highly tapered Anil the s 
uncvrrrcti'd densities an' high, a letter division of the tooth vaiild I* into 
thirds, one-third from the crown tiring dealt with at above, paving twcMhir4fi 
to be dealt with In* the method now lo b* describfd. 

• 4< The Calculation 6f Tooth Reluctance, 1 * Joum /.EX. Vol. 58, p. 61. 
Tp. also Mr, Neville's paper on 41 Magnetic Calculations for Tapered Tetth'" 
r\ P apart on Ik* Of sign of Alt* mating Curttst Mnckinety, by Hawkins, 
Smith and Ncvilla (Sir Isaac Pitnfefl H^Soas), p. 255. 

1 Cp. Hawkins, Smith and NcviEe, iktp&s on Ml Design a/ AHemaitnf 
:urrmt M<u4ttit*ry, p, 25ft, and FSg£ 20, \nd 5, pfi .99. 15ft. 
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1,1. CitaihtioD of ftmporMnras lor a muWpdUr JWd-mafnet,— 

The above methods of calculation will now be applied t.o the design 
of an, 00 -kilo watt 4-pole dynamo with slot t ed 4 d Put n armature, 
givitf* an output of 350 amperes at a pressure*uf J30 volts at the 
ilynamu terminals jvhon running it 500 revolutions per minute. 
The chief dimensions of the iron afeasr which forms the magnetic 
circuit are giwndn Fig. 206. from which it will be seen that it Jia> 
an external circular yokf-ritig of cast steel with circular tfrdes of 
colled ingot irojf bolted 1 >» ♦he inside of Ate ring. The 5i mature 
core is 21 * in diameter x M # h»ng. # ami a preliminary estimate will 
lead ns to allow an internal loss tif volts 4 .! ..bout li volts ovei the 
resistance of the armature winding, to which must be added a loss 
of 2 volts over the two sets of caiboiHniisln-s and of 1 voli over 1 he 
series winding of the field, assuming it to be rom/nulidfWoiftld. 
The total K M I’, which it must gciA-rale is tlieirfme 239 volts, 
and it is to have 45b active coTithicuiis arranged as a simple Jap 
winding in 75 slots each containing f> wire", in two laveis of tliiee 
able.i-l TlfrlU e by equation (44il) • • 

Sittj 

/. p %..lu <!>. / *50 •: ■ • UV* 


and d> a lists ■ In* C (1 S. lines per pole. 

Tile si tig v . 111 -gap is <13125" 0 794 cenhmctie, and tlie length 

of ihe armature 1 ore exireds lliat id the’ pole-hue by J"on each side, 
• The width of ihe polar air of (53° at the mean diameter <t( 21 3125" 
is 11-7*, and tii* hail fnteipdar gap niiMsmed oit IheVii- 


iimlerence.nl tin aimature r 


135 


2 47, uhciue 


r 7-9. Frolil the lo.vest imvc of bij 1 . 253, h x 2 27, so 1 ha I 
iht etfectivej>readth of tin* air-gap h J ' : *K x .!„ 117 • 0 71 

12-41' 31 5 ivm inlet res. » 

a • 0-25 

Ihe ratio being jrijrsr 3 0-8, the* value «*f A 2 Ji"in l*ig, 254 

If U'iJIaA 

is 1,«md K t . l 9 - 0 3125', The ratio of the width of an m-dmt 
*'* d * O n 

to the air-gap luring --- l b h* I'ig. 25b y> 024, 

so That the amount to be deducted is K % w 4 v d 0-24 x 0*5 V 3 
0-36*. The effective width of the ait-gap across ihe con- is thetefotr 

0 L f I- K t l 9 *- K % v 4 n 0-3125 - 0-36 * * 10-4525* *>« cm. 


'fhe effective area nf»thc air-gap is therefore by equation (113) 
264> x 31 *5 838 sq. cm., and the den.dly over it wjiirli is al^i 

the maximum dgnsjfy is , * 

• » 

MSO.omo 

m.- ; M " 




J'*l.uurrp »» IZ VJtU' iujv y> j»* y u <itsu.imiQ- 
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Taking (he separate elements of the magnetic Circuit in the order 
of equation (108), we have*— • 

(1) The armature con below the teeth, requiring AT C ampere- 
turns* The depth of a slot being 1-4*, the diameter 0 j|[ the armature 
core below the slots is 18-2', and the internal diamfter of the discs 
where they begin to be cut away by initiating apertures is 1075*. 
Tile radial depth of iron between ftiesr two limits is therefore on 
either side h s 3-725'. Alyiig the length of the wire th^u* # are 
jkii; air-ducts etch \ m wide ; after deducting their total width from 
the gloss hnglh nf the cote, and also after allowing 10 jkt cent. 


spaa* occupied by iln*itisithrtion betwg^n the discs, the net 
of iron is f. t 9-5' x 04) H-5^, the net area of iron 


for the. 
length 

in tilt* two cross-sections In twec-n whi» li the flux issuing from a p>4c 
js divided is therrfoie 2 :< 3 725 x 8 55 square incline 

412 square l eimmeties. Tile maviim^ii«lentil V ovel a i loss-section 
between the poles is thus 


6 , 380,000 

412 


J5.\IU 


The mir.m length of path ilyough the armature is shown m Tig. 286 
by the dotted litic’markal / e . # 

By reference 1 c* the curves of Tig * 211 lor stamped armature 
discs, it will Ijc swn that for a densily of 15,500 lines per square 
n ntiinetie an excitation of about 25 .impm-turns |nr centimetre 
Jcngth of path is required, ll is, however, only between ill* pole-lips 
that the maximum density obtains; across a sect ion under the centre 
of a pole/i f is^*io r and midway between these extremes tin- n**cc*ssary 
excitation * only about 5 ampere-tuins per centimetre length of 
path. On tlie other haltd. it must be leiurmbered that, as ] minted 
out in Output XIV, § 12, and (Tiaptci XI14, § ,'18, the above calcu¬ 
lated maxmfhin B c is averaged over 1 lit: whole of an inturpolar 
cross-section, aifdlh^l, as shown in Tig. 221, the local density may 
be higher over a shotl length of path. A fair value will therefore 
be obtained for the ampcrc-t unis over tin; core if we assume the 
abu\% maximum hold over a Iruglh of path shorter than that 
shown in Tig. 266, hut longer Ilian the initipnlai s]wee and equal 
approximately to 0 4 of the jKite-pitch, 16 75 antimetres. 

Hence 

AT f — at t . 2 25 x 8-375 210 amjiere-lurns^ 

# • » , 

Even if sudf an estimate is not quite correct, an error here will 

produce but little effcct/on the tot A) result. 

(2) The armature teeth, requiring A T t ampere-turns, 
flie width of tftoftth-pitriia! the surface, centre and root oStfle 
7X21 , * * TT y 19-6 

teeth respectively being0*88 in., ^ ~ 0-821 in., 



SOS 


CHAPTER XVI 


n X 18-2 

and “ — 0 763 in,, and tb* width of slot being 0*4 in., the 

widths of a tooth at Us crown, centre and root are 0 48, 0421 and 
0-363 in. The, value of Q is 


(*'ii t »») 

and • 

Hence 


KJ, 10-45 

rfy. - . »:j 088 x 8-55 

7.610 X I 075 - 8.10S. while O' - II 8 55 


1075 


1-29. 


Uncor retted Denuty, 


Slot fia/um 

• 

Corrected density. 

At the crown - 





■».«» 

• 




tl, x 17,000:; UM5 

14,450 at -J4*K 

At thf: fiiitfo- 


■ 



'.-IS-*- 

At dur root - 

A* 

' 0 421 

2 52 

From f-'jfi 285. Ii t(i 

r-19.2*0 a e :lM 

I'non Fi|{. 211 1 at te INO 



■ V’™ 
Vasa 

‘2 7b 

a 

From E*i£. 285. fi ti 

a,** H 


In the lower half of the tooth, therefore 

(M-0-4)10* 700 

• ? 21.500 - 19,280 2-22. 

By equation (H9) the length of a tooth being /, -• IT 3-56 cm., 


AT, •- j J (14 8 T 180) b 310} X 1 78 
i 173 f 562 - 735. 

(3) The ttir-t;afis t requiring AT f ampere-turns. 

v. 0-4 n\i 0-48 

For the ratios^.- -™ 1-28, and-- . ; 1-2, the 

l, 0-312a - ir, u4 

value of K from Fig. 262 is 1-00. Them e by equation (114) * 


AT, -- 0-8/f, Ki, -*■ 0-8 X 7610 x 1-09 X 0-7tW - 5275 

} ( 4 

(he pole-tips are slightly o|)cned out, but the 
percent age effect wilt be so stfiall that it nuv l>e neglected, or, say, 
AT 9 -% 300. * « 


(4) The txuk ampere4ums t AT k . * 1 

The method by which these are calculated will be given in * 
Chapter XIX, For the machine now under consideration in the 
absence of commutating ptJei? Jhey niav be reckoned at full load 
as- 555. 1 • 
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The result $j> far is A T 9 ~ 210 

* A T, ^ 735 

A T w - 5,300 
AT % - 555 

-1- ■ 

• Sum - a /; 

I ' 

and the excitation acting bet ween the poles of the nudum* i* tjvuc 
this amount. The prcppndtranvc of tin* item due*ln ih<v;ur»gap 
•is evident at a J lance. * • # # 

The next step necessitates a knowledge ofthe leakage |htiiic- 
anre corresponding to a iiugnei it"' limit <*) the mat hint* in question, 
lor the present this may be taken as Go, the method bv which 
this numerical value is obtained bepig reserved fm explanation *in * 
the ensuing sections. Thence the leakage lhj\ i*> by e. piariyn (ftuh 

•"* 1*257 X 2/17’,.^ 1*257 .* 13,6nu >. HO t.uUS.oou 

♦ and <[>„ <l> fl i fa 7.l05.tmn 

tile increase*of the flux being Ifl jv t refit. • 4 

(5) The tftoi’tu Tcorcs and /Wc-^ierrs, requiring ( J T m amjk-u diii ns. 
The area of 1 lit* rolled ingot-iron nuvs burning the pn|r< in 
diameter is 67 square ini hes -132 *m pi a re crutimriies. and the 
average density in them is 


H. 


(T) 


7 f *b)5,(KK| 

~~432 


17,150 


In order I* secure a thoroughly stable nudum* and r£en com¬ 
pounding, as will be m*»iv fully desriibrd in the next < lupler, a high 
density has been chosen for the iHrir-corc, and a reliable material is 
employed sych as may he counted on to give uniform results in 
practice. Sincp at high degree** of saturation the sy»*i ific anqxre- 
tifrns increase \ufy rapidly, it will be advisable, in older to be on the 
safe side, to take an intermediate value between curves 2 and 3 
of Ijg. 206, which has reference to ingot-iron foi rings, and Jo assume 
not less than 70 ampere-pii ns jht centimetre length, so that any 
slight inferiority of the material maj be guarded against. ’Jin* 
length of path in cadi magnet-cole under l4u* editing coil and through 
the pole-shoe is 9j r — 24*1 centimetres. Within the pole* 
#hoc the density decrease’s, but against this may be set the4ot that 
it is laminated, which to sflmc extent checks the spreading Outwards 

of*the lines to tlTe cxtnflne /links and comers. We thus have 

• 

, A 2‘_ =* — % y. 24-1 ^ 1 ,fi»l 

(6) The yoke, requiring AT, aqjjJm^tums. 

The sectioh of the yoke i^ttC square indies, but as tfic flux is 
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divided between two such section*, tlieir joint area i? double or 464 
sq. cm. The density is * 1 


* 




7,405,(100 

"464 


ifi.ouo 


TIic* mean length u( j«tli is t 9 *32' Hi-4 centimetres, and by 
re (ere nee to Tig, 207 lor si eel castings it is found that the am|>ere- 
turns w’Jl lx* approximately 31 ptr ceii/irn»;)rr. Theruv 

A T ¥ at u . /,/2 31 / 4U-7 1,260 

I lie excitation required is therefore 


ATf 6.HOO f 1.690 } 1,260 4.750 ampere-turns jkt |hjIl\ 

I 

I'ID. 7ormul» of the leak*#* permeances. We have now 
to return to the question of 1 he magnetic leakage <f> { , and in the first 
place to tin* calculation of the leakage per meaner, tf (l of any dynamo. 
Since we have to do with a Urge immher of paths, which are assumed 
to he all in parallel with otic auollier, it is simplest to deal with their 
permeances, for the*- trail he immediately added together to discover 
the joint prune.uue of the leakage paths The lir.es are assumed to 
follow certain directions in the air armiiling to the situations and 
distances of the two surfaces between which they flow, and to meet 
these different cases three general pro|>i/sitions ate, as a rule, 
sufhciouL 

(i) In the case of two parallel surfaces facing each other, the areas * 
of wliich are approximately equal, the lines <>( flux may alt be 
assumed to pass straight across from the one surface to the other. 
The permeance of the air-gap between tlii">t\vu /airfares is I hen. 
on tlu* C.G.S. system, equal to the mean of their areas divi<ted by 
their perpendicular distance apart (log. 267) ; or 


4Mi 1 
/ 


■U 


. (iao 


Hi is dues not. however, fake 
into account the transverse 
pressure on the tubes of flux 
which causes them to curve 
outwards at the edges of the 
air g£p, so that th^ permeance* 
is under-estimated by jin 
amount which increases with an increase in. the distance /. 

(ii) In the case of .two equal Rectangular surfaces situated near 
ea£h other in the same pkim^ with their.neighbouring edges |»rallel, 
the lines of flow may be assunjedfto be semicircles described about 
& central line c,c drawn between the \ wo surfaces (Fig. 268) ; the 



Fio. 2ii7. 
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pegrneance of •the air-path frgm one to tI k* other is then, on the 
C.G.S. system— ’ 


* a \ , r * 
ff f i 


% ' 

where ami riare/rspcctively the cly-t,uiiv> lii.no thr central line to 
the nearest ami farthest edges oft*i{hei tcct.iugle\ and a is the depth 
of each rectangle at right angles 1<> r. i «\ atong the parallel <jdge 


(iii) In the case of twivcpiftl rectanguLu smiaecs situated ■imilaily 
in one plane, lull at some diMdifte a pail* i hr lines of Ik Air may In- 


assumed to he < pud nuts commie;) l>v stiaight lines, tin* quad unis 
being descrilH'vi from the th-ighftonnng #dgv^ of the rel iances as 



lines of rent res ; the peinmnire of the ail between the 1\vi< suiTue-% 
IS then, nit tile t’.ti.S, <*V'iTr*m— . 


\^}iere a is ;fgain the depth of each in tattle. ,» it - width, and b is 
their disiarfee apart (Fig. 2Wh 

«H the tun sjp/ar$s of Fig. 2HH aie totaled altoUMlir u-ntie line 
r.c t or in Fig. 2ttt* about their inner edges so that lin y tin not lie 
in the same plant* bn? arc inc lined to one another ai sonic* angle 
01 ht*r than tt, tln n # tjie Value of llm angle in «11 < ular measure: is to 
be inserted in each place iliMead of tt in equal ion** (121) ancl (122). 1 

^ While convenient for calculation ifi ^)m* <*isc of smlaus not in 
the Mine plane, propositions fii) an«J (iii) like (i) fail to a]low for the 
tubes of flux King bent outwards by the Iransvcrse pressure. A 
nearer app»oaeli tr» the tots is therefore made when th« mit faces 
1 i» in one plane liy assuming that yhc paths are ellipses having their 


foci at the inner edges* of the gay>. The permeftnee 1 is then 

♦ m a ( v -}- \J J it61 




1 + 2, 


1 The fnnmila, due to Jlr. Pmtijs. i a’ given in " Permanent .Magnets 
Theory and Practice,',” b>V>. Iivi-rahed, town* I.E.li t Vnl. 5ft. p &2[, 
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To these may be added other extensions of the saif* principles, 1 
1 but in general the three main propositions above considered will 
meet the most Common rases, or in default of any other guidance 
it must suffice to map out a probable course for the leakage on the 
above lines, and theme by sealing the mean area\of the two surfaces 
and the mean length of path Ix'ltJ'dn them to deduce the permeance 
yrtru 

length’ * ^ • 

It must' !«' remembered that iri fill the foregoing equations the * 
dimensions are in eenlinietrrsamUhe logarithms are to the Napierian 
base f ; hence, for Knglisl dynamo designers, it unav be useful to 
give the equivalent equations when the dirTurworH are in inches, 

♦ arnVthp areas in square inches,- they are- - 


« •• 

(») sr 2 54 . 

«( i, • f .-j;.*) 
T 

12 

7Mr"-? *1, 
r 


n „ *54 « 

(id » - 

7T 

r \ 

r i 

t Nb 

^ i * r% * 

A 4 • log W '— 

r \ 

(12b?) 

(iii) $ ■ 1 -84i :■ 

7T7li £ [ 

: x b.g ir - h . 

If 

« t 

(f 2 a»j 

and alternatively, when (lie stttf.u 

lie 

III the suiie plant- 


& 1 -m * 

♦ 

: «* x 1' *„jl i ' 

•> 11 ’ 

}/h mi uh ) 

ft ' ) 

{122/d 


f 11. Calculation of the leakage permeance. -By theuid of the 
foregoing equations an approximate caKultitmn of the leakage 
jvrmeance of a dynamo ^an be made when a drawing allowing the 
main outlines of its magnetic held system is to luifj. In tife 
case of a multipnLir held-magnet such as Big. 2G(} fhe comjHuient 
leakage paths fall naturally into four groups, namefv, (1) between 
* the tips of the pole-shoes across the inlerpolar gap, (2) between the 
flanks of the polv-slux'S, (3) from tlu* sides of the pole-cores paftiy 
,(4) across the mtertH'lar g.ip, and partly (&) into tfie under-surface 
of the yoke, and (4) Trotn the flanks of the pole-cores, partly (^} 
across to the m-ighlumring"poles and partly (A) into the yoke-ring. 
Taking the permeance of tKt's^ several paths in succession, and 
assuniin£them to lx* approximately as sko^n in I ; ig. 270 1§ we proceed * 
as follows, the machine in question having the dimensions thegg 
given. , « 

(l) Between the edges of the J>ole-shocs in the interpolar gap. 
By Vttling off from the drawing the m*an width and length l l 

1 S« especially J. F. H. DougHs*''«Thr Reluctance of Spme Irregular 
Magnetic Fluids,' r 7raBr. .-fmrr. /Vof 34, Fart I, p. 1067, 




Fig. .70. « i»f multiplier imigm-t. 


th<f corresponding (pdf pole-shoe of a neighbouring pole, as militated 
by the line l t . The direct distance separating the edges of the 1 w<j» 
p^k-shocs is again practically equal 1 <\J V Jhonre by projiosilion 
(iii), taking the paths as partly quadranb and partly straight lines, 
and with four such paths, two at the front and two at the back 

« Sf, X 1 .ge X 1 * H * X J 2 ' 6,25 x 2 ,< 2 • .448 

,(3) From the pole-cores. 

(a) Across the ihterpnlar gap irpo the opposite side of a neigh¬ 
bouring pole. The distance al<yig tj>e polc-core (reckoning inwards 
from the yofce) at which thelcAage pastes across into the adjacent 
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pole rather than into the yoke, is determined by the jxrint at which 
* the reluctance of the latter path is half that of the former. It tmis 
diminishes wit lean increase in the number of poles as fixing the angle 
by which the opposite pole-sides diverge from oiil* another ; and 
also depends iipbn the length ot the Ixjbbin or pole (cp. Fig. 237 
tor internal |#>k*s). I; js furthei affected by the shape of the yoke- 
ring, and would, e.f*., be lower down the bobbin-length ii the yoke- 
ring wcjv or(agonal, so as to biing its, under surface nearer to the 
jxde-vtidr.i In the present case th r. division of the 1 leakage flux is 
estimated to take place at a distance of I* down the bobbin out of 
a total l>o1>bin'length o,( 71*. " • 

Next, the leakage out of the pole-tores lakes place under varying 
ditferetues of magnetic jvitential, as we pass from Ihe yoke to the 
potatoes, Tb<i yoke-rtng nuhway Iwdween the poles is at zero 
potential, and the magnetomotive forces of tJie ampervdurns are 
uniformly distributed along tin* length of the two bobbins, the 
jxitential reaching a positive and negative maximum respectively* 
at their inner ends, Tl^- difference of magnetic potential between 
the pole-sides is thus ihe gradually increasing sum of the magneto¬ 
motive forces, less the fall of fiotcfUi.il i.'Vei the in*11, and rapidly 
rises in value as we proceed Inun the '/eio potential of the yoke 
towards a pole-shoe. The loss of jxUeritj.d i>ver the iron may be 
approximately assumed In be confined to ihe limits of ik* bobbins 
'and to be uniform in value over each inch of their length ; the 
difference id jxitriitial between the pole-sides is then at any |H>inl 

1*257 A' r , where \ is the distanee of like point in question 
* / • 

from tile root of the pole at the yoke, and l isjdir bobbin length. 1 

The permeance of the two areas, one on each side of the pole, is 


/ X ic ^ 1 « 

thus 254 * * —- x 2. where 1. 9 is the transverse lertglh of the 

IV M 


rectangular jxde. and this is acted upon by a difference of potential 


of 1-257 X r . the mean distance of the sfirface in question from 


the root of the pole being estimated to be 6\ * The total leakage 
flux resulting theiefrrtm is « 

* i 


<f>, - 2 54 X - ’ p-UN 1 257 .V, X -4: 

% . *4 , 

In order,* hen, to rank the permeance of Jty with Jhose of (I) ai^d 


• 

1 For a more accurate grapliiral nu-tlKxl. see Miles Walker, The Spt£ific4iion 
and Design of Dynawo-tmiric Mtu kitury, p, 32tf< and for " stepped 11 coats 
ipo fb\*K. I\jn1, Joum. I.E.K., Veil. 5J^ p. 173.« For meaSarebicnt of difierence 
of magnetic potential by Chattdt k'K |iagnclic potentiometer, see Appendix 
to M The Magnetic Testing of Ban of MraiAtfr Curved Form,' ’ ly A. Campbell 
and D. W. Pyc, /iwm. f.ft.K., Vol. p, p. 43. 1 



515 


THE AMPERE-TVRHS OF THE FIELD 

{2), it must be reduced in tW proportion nj —— before it fan be 

/'lil , 

regarded as in parallel with the preceding perftuunces, and the 
leakage lines be deduced on the assumption tfiat # Hiey arc all due 
to the full differencir of potential A f the pole*. For our purpose, 
therefore, it will be necessary to faji- the value 




2>» >; 


♦ 


(6) Into the under side of the yoke. The permeance mav here 
be estimated by an approximate divbi<»a of the space in question 
into, say, three luWs. and adding together tin* refills drdm ed from 
the mean cross- sect ion and length qf each of the three tidies. mfch 
as llie one marked a* 4 , (Fig. 27th’. Again, allowance /misl lu¬ 
ma tie for the varying difference of jKliential, but as opj**srd to the 
preceding case the difference of pouniial under which thi« leakage 

ItnsvsiN I2S7-- , , 

l 


Since there is the same distribution u| flux oji eaih side of the pile, 
the permeance of * pair ofVjmil.tr tnlf‘s, one on each side, in relation 

to X p b 2-54 ■ P .—- x ..this tjn.mhiv when multiplied by 

• 'I * 

1257 X r giving the required number of Leakage lines ihrongh the 
pole-core. The permeance of the thiee paits nf Inlvesjnfo which 
the spare has been divided i* tint' • , 


• 

• a 2 54 * 

• 

8 2 x 3-5 

7 8 

3-5 

7-:« 

4 45 

4 

; 2-w, 

8 2 v l> 

45 

<► 

7-25 

255 

• 

• 

• • ♦ 

8-2 X 11 

n 75 



2 54 x 



JUS 

• 

« 

4 

' 2 25 ’ 

'* 7-25 

>4 

8-n5 


The true ix-rmeance of each tube jiradh^ly (onslatil, since as* 
the area is increased so also is the length,of path, but the equivalent 
permeance for our purpose decrtyscs owing to tlie diminish¬ 
ing number of ampere-turns which act as the rmit of tly* pole is 
approaches • * * • 

*{4) From the* flanks*of the pohi-cores 

The leakage into a'neighbouring pole-flank and into the - yoke 
r«*pective1y may again be divided along a line similar to that wjpeh 
separated the coirespondiftg flux* (font the pole-side, i.e* at a 
distance of ¥ from the top # oUlRc*bobbin out of the total lenglh 

of 7i* ' • 
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{a) Across into the flank of a neighbouring pole tin either s ; de. 

W 0 

Treating each kali-flank as a rectangle in width, the two adja¬ 
cent halves twipg separated by a direct distance equal to l %t the 
equivalent permeance of the hyw paths such as / fi which are concerned 
is hy proportion (iii), , 1 

... , 7T/ irJ2 \ L ft 

14* < f y » X l»K ' / VY 2 , 

.w y 4*1 I- 13-75 , 6 

U*x:i**s.* J;| . 7S X4X^ 

'Hu^aivji to which the lines have here been confined is in reality 
too small, since ihry can spread out widely over a longer path : l 
the present item will, therefore, be increased to 7-5 --- 

9 v- i - [h) Into the yoke-ring. The area 

--^1 I * ' • of tin* pole-flunk may here he 

?V ; * regarded as related in the edge of 


f ■% I 

> XL , the yoke-, since, # although this is 




usually of Jess radial depth, it is of 
greater width and spreads out on 
either side of the pole. 4 hurt tier, 
owing to the edge of the yoke 
overhanging the t* de-core, the angle r 
m.’271. from H»-- n may‘he approximately reckoned 

from the relation (I’ig. '27 \)— 

A, 


Hank inli* overhanging yoke. 


in um cam* 


sin (IHt> n) 

U-4* 

V'sM* f :i*4» 


sin « 


V'V t V 

■ 

0-818, whence a f25 0, 3. Ex¬ 


pressing « in circular measure, the permeance of a small strip of air 

• dx x ir 

of width dx. and stretching across the pole-flunk, is — ——* hnd 


x x a 


* 'V» v 

this is acted upon by ^257^-f . j. The flux on either side is the^- 
fore 1 ‘257“r . * f d\\ and since f dx — V, the equivalent* 

: - ImJ' J 4 . 

|«nneanrc on both sides is t , 

II, 4 ' 82,4 

** “’ 2 ‘ W "iff * 74» “* w 2^9 x 7|5 “ 5-25 
Tins hem also should be increased, sav? to ^ = 6. 

% • 

1 C P- J- F K. Douglas. 41 Ixakag* Fl*s Caltulitiow," EUtk., 17th Sept ., 
1915. • 
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AJI the permeances have now been reduced to* values which may 
yc regarded a* in parallel with tW armature a Ad afr-gaps, and Which 
nay b«e immediately added together. 1 The leakage from items {3} 
»ntl, H), strictly speaking, does not all |*kss llirough the entire 
cngth of pole-eore qnd yoke* yet fof the purp<*<] of an approximate 
calculation this may lie assumed. * The joint leakage ]X'Nin*ance 
s then • * * t 

8-5 i 4 4^ { 9-5 1. 805 •} 7-5 -i- 8 * '4403 * * 

and the number of lines passing 4 through the magnet is 4 d^ 5 
where . . 

<fn 1*257 X,, 1*257 x ^ 

» 

In addition to the several paths already misidm-d, tlieu* are 
others which would have to be takeft into account ij gu».tU*TVVic- 
titude. were required, such as, fur instance, horn tT k* ^tofe-Manks 
into tlic top of the yoke-ring or into the flywheel if tins is in close 
proximity to the magnet. Ksjvcially tines the piesetne of sham 
edges tend to concentrate the leakage;, and increase its amount. 
But in their actual distribution the lines»tiever cross one another 
or intcisfd. so that if new paths or surfaces art* added a fiosh 
re-arrangtiivat ofMhe lines must lit* made different fiom that 
assumed in our first approximation certain areas must then be* 
contracted* so that oil the whole recalculation will not lead to a very 
different result, The estimate may. indeed, seem to err in Wing too 
high, sinre, as already mentioned, all the lilies lJi.it tnau be found 
at 1 Kic particular soclifm of maximum flux, rg. at llir mot ofdlie 
fade, do not flow thinugh its entile length ; 1 Ju* lotal flux is in fart 
varying alfcdong the length of magnet and yoke, as lines leak inio 
i»r*out of 1 hem. Vet ih spite ok this, sin h < .denial iun>> as the al«>ve 
usually err i* being too low, and their approximate charac ter must 
Ik* fully recognized. Since maxima values are. required f<ir lire 
purposes of dcstpjin^, rather than minima, in order'that the error 
if any may lie on the safe side, it is very necessary 1« allow an 
ample margin by increasing the calculated permeance by some 30 
to 40 per cent. Tljc comparative figures obtained by calculation 
when so increax‘il are jrtslified by the exjx ntiirnl.d results of 
practice, and by their use a very itOxe a]Juuximntion may be 
made to the ampere-turns actually found in In* required when 
the machine is tested. 

/ • 9 

ft 4 4 ft 

1 So far as the average ampere-turns per un. length ot jioJc cun: are c*m- 
ertbed. Mr. J. F/ If Douglis (Aw. of.) h*a shown that they are closely repro¬ 
duced in normal cases by tmagining 72 per cent of the total (i e. maximum) 
distributed leakage Anx to be concent rltcd at the pule-tip*, or else the whole 
of ft to occur at a*poi#t half-way between pole-tip Lrnl yoke. Hut in <mlcr 
to matte use of this fact it wonld appcaa to^be necessary first to determine 
the total leakage flux in its true distnHbted stale, which can seldom be done 
immediately by a simple mathemaycal formula but only by a # somewhat 
tedious graphical process , • 
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Thus, in the case considered above, tlie leakage permeance will for 
the purposes of design be taken as *J t -- 60 instead ot 44*3 as calcu¬ 
lated. 'Hie machine sketched in Fig. 270 lias a rectangular section 
of pole and yojee. If the section of the |x>le is circular, a sufficiently 
close approximation is obtained bv sulwUtuting for it a square 

** , * d ~ 

pole of equivalent ar.-a. Each side of llu: square is then - y/it ” 


(J-885d u and if is for this reason that in Fig. 270 a pole 8*2" square 
has 1>een chosen as ! jet rig tlie equivalent of the j*Mt* of Fig. 266 of 
diameter 9J"; similarly an equivalent for the rounded section 
of the yoke, namely,"2-4 V* 15", lifts been taken, so that the assumed 
permeance ol 60 has hern uxd in Jj 9 in the determination of tlie 
ampere-turns of the magnetic circuit ol Fig. 266. 

A Certain qmonnt of judgment is required in the first instance in 
selecting the direction of tlieu-vend paths, none of which intersect ; 
hut to guide us in this, actual experiment may In* called to our aid. 
if a machine with the required lyjie of fie Id-mag riot is at hand. 
It a needle be fastened «n a < bread passing up the centre of a hollow 
tulie of wood or canlho.ild, and the end of file thread lx: held so as 


to prevent the needle from lining drawn, 1o a pule, it can be used as 
an exploring magnel, and on plotliug the directions in which tl 
sets itself a good idea can lie obtained of the distribution of the 
leakage flux. 1 

The effect of a false rstirnale of $ t will mainly d» jx nil upon the 
degree of Saturation of tin* field magnet, since, the higher the indue-* 
tioil, the greater is tlie difference In \when the aiu|vr»-turns required 
to pass 4hr supposed and tlie actual mimlx*r of lino, f l> M tliruiigh 
the magnet. But a considerable percentage error in Us determina¬ 
tion. does not, under ordinary r« unlit ions, give rise to nearly so large 
an error in the total niMilier of aiiqvre-turns required to produce 
the useful field through the armature ; it only affects the amperr- 
tums required for the magnet and yoke, and thermal error thus 
introduced will depend on the relative amount of AT m f- AT t 
as compared with tlie total .17',. 1 

| 18. Empirical formulae lor leakage permeances. If the value 
• of * { i for a particular machine of a given type has once been deter¬ 
mined by calculation and checked by experiment, certain further 
conclusions may be drawn applicable to other machines of the same 
type, byt differing iu their dimensions. If the linear dimension^ 
of one machine were simply ‘magnified*» times in the design of 
another, the now value for would be n times fcs former valte ; 
the lengths of the leakage patlu^ would be*increased n times, but 
thfir cross-sections would be increased n* {im^s. More oftvn, 
however, the ratio of the 7wo chief dimensions of the dynamo, 
namely, the diameter an<l lon^R tff Jhe armature core, is altered, 
and this £alt$ for a more detailed consideration of the way in which 
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he leakage permeances arc affected by any change in these 
iimtnsufns. * »" ■ < 


Taking the fuur items of the leakage }W*rmeame serial mi. the first or that 
xrtwfen the pole-ti|is vanes directly a> the length iM armature corr, and 
nvemely as the pole-pilch, The racial depth ui the pole'Shoe doe* not vary 
pratly m machines of ihe *.ntir ttinslrui tmfl hut of different sire, mi that the 
•ectioaal area of the path varies mill* wall the length of tt»ie. while the 
nterjxdar gap whuji fixes the length of ptith lvat> almost roust art! relation 


the |»>le pm li 


lh 


this 


|viin>an«e ir 
lit li« mini',{ I»V 


^>ro]HiTlinn;lf to 
the Ti<io of tllr 



IIP" 0 

T» 


or with the Mine mini Ur of 

length to the diameter of the armature « ore. 

I he liMkiinc |>j ln-twmi the flanks |f tin- (>E« shi*Ps is nuli-jN-ndt'iil of the 
length, and is also pr.ti tn ,dlv independent of iht-Munirler The radml dentil 
“t the poU’ shfxs Ik'ini! assumed lonslanl. ihi- lulfVid’h of the jaile-slmr 
tlank irun.Lses with the jml> |n(i )i or with ihe diameter for a given mmO*r 
of poles, hut so also does the lenvlh of i*\< p*||| Iw'tWt-ell the nnyhUnmng 
surfaces. Tile jar meaner is therefore prailnalU a miiJlant quantity, 
imlejiendi-ni of the dmiensiomi ami of the iTfimlier of ]xi]es 

1 III- leakage (3«l ,«hm th" mUr|>4ar gap U'tWeiH the sides of tile pole 
ilife’s varies directly as the length of the jnjIi- s«»t«< p.ii.dM to the ,»\in nf the 
armature, and this length itself U-ars a 

ratio to the letigth of (hi* armature tore » , , 

ninth varies hut little even with dillerent 
number* of pole.-* il the machine* ate of 
similar lyj?r Ihe rro|>oiU<ii "t the 
radial length iff the ex-it mg t-il aver 

which this leakage extend* Terilaills 

approximately the simr W a given 
miltllier of »li-s, so that the .doolulr 
radial depth ol the area ai rov* which ihe 
hues m ipt>>(iori flow vanes w Uh the 
KilMohtt'' length of (he exiling )«d,bm 
Ihe length iif rhis latier*lejk*ml4 i lm*Hv 
il| m in the ;ur jpu* and flux density therein. 
vet, roiijfld^ shaking, lor the same 
nutnUr of tt myeasra propui 

tnlhalrly to an imreused diameter of 
armature, ih^l so i<*j does (he length of 
pa Ml a *toss tljp mU’r|»-lar ga]>s, miiu- the 
ratio of the juilar arc to the jmlivjjildi 
is iiii.ilteted 'I fit' Jenj^ih of puli ami 
radial depth of anflt thus neutralize one amdle r. 

«»f poles the ..aim; in <pii-si nuns dependent i ml v u | - m ihe Irti gib of at mat lire 

tore With an im re-v*” m*tlu’ mimin' of pole, (lie pollution of the radial 
depth ol bobbin from who htlu* lines pass innnedi.ile|y Tr.xs to a neighbouring 
pole is increased, and lor the Mine diameter the distance to lx* traversed is 
reduced ; but on the idjic-r hand the greate r huud«j| of ydes lias the effect 
of reducing ihe length of bobbin. so that ihe latter with large machines, 
which usually have many poles, more nearly constant, 1 fie leakage 

{34) thus increases but slowly with an nutease ni die mmiU-r of poles. The 
Ifakage (3ty mto the yoke oil it> under side is independent of the Jltaineter, 
'and conversely to (3<i) dt-crv^c* with an* increase m the number»nf jmjIch, 
since the proportion of the radial depth over wlmh il i*xt«:nd^ i« reduced 
\\Tltn, therefore,* tile two arc grouped ♦ngelhrr. they lieicmn; almost wikly 
dependent upon the Jcrngtl^of the armature core. This may lie iuveali^ated 
on the lines of Fig. 272, by means of which lfw‘ dim<-ryion* become cxpre»«ble 
in ?crms of D;2j> «n the aKUinjptum that the fniblnndength ranges,fP>m 

1*5 ^ to 2 When the relativeof the fluxes, tho lower part 

crossing the interpolar gap, And lh* ufijx’r ^iart retiiriung iinmedisurly into t)ie 


111, 272 


iWage ln lwf‘11 


lui for the cam- hiiiiiIm r 
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ifeflCC Out proportion wlttih Out IntkaKr li»M l**ar either to Ok u«ful 
nr to tile total number of lilies thru ugh vjurftuagnet will tmitiuuniMly im ret^, 

® f if. A 

and for rath iltf^ of magnetization of the dynamo - ’* — v? wifi 

*>• 

have m different \jalue.» In the tine of the drum multipolar dynamo above 
ci/ruuden-d. HtW> 4 wlu-n it is magnetized as it would be under urdtriary 

working conditions. wiah to ulMaip a tlciLsity of abouU7,HI0 »i (lit air-gap, 
in other words. tbc leakage ji about *Jfk per cent of the lawful lines, or 13-85 
per lent of the total flux* Strictly Speaking, the factor by which the useful 
lint* *Jirough tile armature must multiplied in order to obtain tile greater 
number «f lines flowing through any qthi-r*part a of th«> an uit will vary at 
different piiL'tJi of the magnet an lines Irak into or out of it: With sufficient. 
accuracy, Imwover, the flux may lx; assumed to be constant over each of our 
main subdivisions of the magnetic uri^m, so Jhal <!»,* »* <J> g . ‘J) t v w d> -4 

'» I the diffi-reidqia^.i of the rfiagiiet Im- mg deluded by the subscript 

letters as before, each part will have its appropriate factor, r. greater than 
mi^ly. Such was the Uisii of the original form of the equation for the ampere- 
• turn* i>t* magnetic iiruiil as I ir*t f published by ]>rs, J and K. Hupkiitum 
in thtir cavern al, paper on iJynam^-rJccttit- Mnitnnrry Having established 
thr theoretical equation, they further measured * xjsTinu ntaHy thr number 
of stray tines that leaked through different portion* of (he air spate alumt the 
Held-magnets of two dynamos of different lyjiei. each of whi< h was excited 
With its normal magruTi/mg < nr rent. Theme they were enabled lo deduce* 
th<i values which the factors »%•*,**■ etc., have for tin* given dynamos when 
mantletiJ to their workup dt-gm: <»t saturation. 

in most eases we may without much error assume the different factors 
for tlm different parts ol thr magnet 1«» Iws identical, and reckon the number 
of Unrs through any |Wl of it tnta tin- sank*, namely; «I* IPI r i-'h* where v 
may lie railed the irtiAnge t 'Xtfitinti •>( the dynamo. TJie greatest uutnlx-r of 
linen fl<iWs through a section either at the centre or near to the mot of ruth 
magnet corn, the value gradually decreasing from this p-mit lift to it* end. 

' Hut, as already slabs!, in designing the field magnet what is required is rather 
tile mtan nnmlier of tinea <I> m flowing it trough tlie entire magnet, from which 
we can approximate closely the total ani|>erc turns required to ovctumie 
thr reluctance of the magnet. • * 

Tin* actual value of the flux passing any section of the magnetic circuit 
can lx- determined by Mirnnmilmg it with a an I of several tnrmAutd measuring 
thy throw upon a lialhntic galvanometer when the Hux is n-vi'rscf). 1 fly 
comparison with the |ln\ passing through the arinature core the leakage 
coefficient is deteriiuued. I tut as the l ml list ic galvanometer required slulful 
manipulation and care lo olftam comet results, the leakage i<Vfjjcient m$y 
be directly measured by a ilifformiid method devised by K. (^ddschmidt ;* 
two search cods sir© wound on the magnet core and armature respectively, 
and are connected in series through a milhvoltmeter, ^mivs to ofqxjso oJb: 
another ; their respective: nuinN-rs ot turns art: tlu-n adjusted until no deflection 
is observed upon thr voltmeter when the hold excitation is suddenly varied. 

A convenient extension of this method 1ms Well given by lb. H. Fold** m 
which exact Udancitig even when the two coils each c<Attain one r.r tlu 1 same 
•number of turns is secured by means of the a<ij us table res i stances of a 
Wheatstone bridge of I'Ad Oflicffpitlrm. 

The values of ¥ and lh5 perentage distribution of tlur linkage for differed 
typos gi dynamos have beta experimental I y determined and recorded by 


with increasing magnetomotive force is one fli whict the aftalogv of thr 
magnetic ami electric circuits entirely Inraks down. Far the same rta*m 
it is impossible to apply the methods of Kir hhnff* laws to branch magnetic 
circuits with any real scientific accuracy. This objection does not. however, 
present the analogy* fronf being of great nrrrw to the ijyn^mo designer, since 
the cdhfUcting cases seldom incur iv practict. 

* For certain points relating to leakage testing with a Ixdljstic ga van o meter, 
see (Giles} EUttr. Eng., Vol. 8, p, M3. * « * 

» E.T>Z? t Vol. 23, 1902, p. 314. • * EUcitu}* n, Vol. 58, p. 215. 
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v4jriou5 obwrwr**; but, nttfcirtuiuiHv, in nunv nun fjttle or tvi intomutioi) 
hAs^t the unif^inif Iwn given o( the degree of utor&tion of the irmiturr 
xml magnrt, bryontt tin* fa*;t that .nry were lo their normal 

wtirking rxtrnt , * 

Such recorded valors of r may he uy'd for tlic puqx4r of appro xmiaI eh 
t alcjiUtiQK the ana ami ampere- turns required by dk* fir Id magnet. ITium 
in multipolar dynamos of the tviv of Fi^ 22t? 7 with external poles, r ran/tm 
front II at no tiad M 1*25 at 1 nil load Jmpln it reliance ran not, however* 
U* placed on any >uch values of r At already mentioned, it v wio d c um vet y 
if the ilegTre of duration of the .inn.ilure tore I** much altered ’ heme u 
vanes with different >.due* of ihe ” hack ampere turns .* with difltreni 
values of Ibe arm<durV < umait, rt-eii though the tof.il numfrr of .im^re turns 
•on the field remains milJumped : of •iraiii, if trte tiariMiioii is ufcdr from a 
smooth surf.ue iirm.itme* with lonj: .or kaji to one with n short air gap and 
toothed fore t hi this account 4 1 lie y>»n-wh.if l*hon<un» task of r&ltuUtmg 
1*1 and 4> even il at best they itre only .ippi ixiinanofo. is dot idctiLv to W 
recommended fesjvoally w hen a new type of held - magnet is to tv Adopted), 
in preference to the use of .» hut or r t'nless this has Iren t vjierinieiiti^ly 
determined. we an- more liable to l*e ii^idcd by faking a fata* value of v 
than by errors m chiefnmimi: t t • 

Finally, it niav U* remarked lliat !l crrlain amount id leakage is 
ail inevitable neu-ssity, and is but a small evil. If the energy 
required to magnetize a dynamo is from It lu 5 |«r tint, of its 
out pul, as it is irMiiost modern dynarrios, magnetic leakage cannot 
very greatly altrct the eltuirnry and co>|*>f working, fori supposed 
c omplete abjenc^ of leakage- wmiU but slightly decrease this 
jierceUtagr. t 

| 14. ^e&kige permeance and flux-distribution with commu¬ 
tating polei. When the main pole* are excited and the commutating 
poles are tinexciled. flu- lit ter, being ^iluafed m I lie neutral planes 
• between the main |xi|**s and jd no giral width, do in>l greatly effect 
the leakage flux of the machine, although ifirv increase it by 
shortening!fte air-path from main pole In main jmlc* In trie extent 
oi the peripheral widlii of the iron, I his effect is of chief account 
m items (l^and (Iki). and necessitates tlieir increase lieyond the 
vlhiesgive* in § 1*2 feu the first and third lernw of equation (123). 

# But when ike excitation of the roinmutaliug )*de U'Kins and 
gradually menus'* frith the load, an additional M.M.F\ is brought 
into action, and Ihe si^u of tin* resultant magnetic potential of the 
commutating jhiIp agrees with that of the main pole on the one side 
but is opposite to rttat of 4lie mam j*i|«* on ihe other side. In erm- 
soquenre the difference of magnetic fob niial across the air-path 
is^s much reduced on the former side a*1t is fticrrasci! on the latter. 
Kxperiment confirms tliat tile fact cam* and reduction of the 
At ray flux balance one anntjivr. 1 so.lhal to determine th« leakage 

1 I 'Hr Emm. Somr j'oinU in T>ynamn and Motor lkr*igi>/’ foum. 
J.F. E , Vol. I#, 4 Pari 85; *' MAgnrtcc*I^*akani* in Dynamo* and Mcithru " 
(Ives), f k/r. ftrnrw, 22iVt am! 29th January, 1892 , " Magm tk 1>8U «l 
Sprague Motor" (pArshall), tittrir. /:«/»., 18th June. 1890; {Puffer) HUttr. 
finietr, 15th April, Hftt2 ; ami rspcoaJlv (Thornton) EUdr. ICnf ., Vpl^29, 
p S23 tf. • • 

1 " Dio Wpndepolitreuuns:, rlc,,’.' tjv* F. Schiiurigk, Atbetkn #«* tUm 
EUklroUtknuCM ImUttil zi* KarltruAt, Vot. 1, p 225. , 
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flux that must be, carried by the commutating pole it is only 
t necessary to calculate the leaJca^ irom alJ of its sides, unde* its 
own excitation when the main poles are unexcited, and this 
amount must he 1 added to the useful reversing fltix to obtain 
<J> f . the total fln* in the romnm/ating pole. * 

The leakage permeance rmi|t^ therefore, lie estimated by drawing 
tubes ol flux alter the 1 ,fashion styAvn in Fig. 273 for both sides and 
flanks and correetiug fur the difference of magnetic potential which 
increase from zero at the yoke to thfl fuM value the. pole-shoe. 
Its value Vil! not be far different fn/ht 11 $ t , where sf t is the leakage* 
permeance of the sa^nc niarhiifc^willj the commutating pole un¬ 
excited, so that if (lie magnetic potential at its fail 1 , A'J' K . happened 
to be equal to A f 9 of 1 lie main pole, the leakage flux of the rnmmu* 

• (a’tfrig, jNde would bo 1-257 JT K X as comparerl with 
of tlie main pole 1-257 AT r X 2:-'* {1 i.i’. it is about jths of 
But any such approximate estimate is liable to much variation 
according If) the different proportions of axial length to peripheral 
width which may occur in practical designs, and should In; checked. 
OA'ing to the greater >uffacr*of flu? rnmmutating-|»olt* in proportion 
to its section and the high M.MJ'Vs, leakage plays a much more 
important p;u t than in the main poles, ajfd if not pnqn/ly calculated 
will leaf! to the iron of the auxiliary pole being made too small, 
especially near the yoke ; it will then become very highly saturated, 

, and proportionality of the reversing field to the current will lx* 
entirely lost. 

With as*many commutating piles a^s there,are main poles it has* 
already been stated that for the same useful main flux the average 
density fn the main poles is unaffected by the addition of the 
commutating piles. Hut whether the useful flux obtained by* a 
given excitation of the main poles when commutating poles are 
absent wit) lie maintained practically unaffected whev such poles 
are added and*cxcited, turns entirely u|>on the degree of saturation 
of the armature core and yoke, and chiefly of flic latter. 

It was shown in Chapter XV, § 12, that in the yoke-ring, 
if 4> r is the total flux of the commutating pole including leakage, 
(I> r /2 is added to the flux carried by each of Hhe stations of the 
‘yoke H t IV (Fig. 231 )* and deducted from each of the other sections 
A, A\ which complete the circuit from one main pole to anotter, 

so that ^le two densities are proportional to —j —* and — r s 

“Hie very considerable increase of the useful reversing flux ^ r# by 
the leakage up to the total flui of the commutating pole dv is 
therefore an important factor in"the case. Apart from a similar 
retirement in the section of the armature core? it 4s only when the 
section of the yoke is suffictetyl>large so that it is far from satura¬ 
tion, that in each portion of the path the»two changes practically 

• i 




Fig. 273.—Cotnmoutmg-pole i< 
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| counterbalance one another, and (he^percentagc effect on the tytal 
excitation required lor a given m&in flux remains small; this is 
in practice usually secured, but the consequences of insufficient 
attention being-yai<l*to this poir^ are traced in Chapter XIX, §,13. 
The effect of the commutating |xiles on the njain flux is chiefly 
to cause it to l«■ somewhat im^ftially distributed over the main 
|«i!cifaar.s, the trailing edge living more crowded* so that if the 
excitati#n of rtie commutating jjoIcsms qnnulfrd the main flux 
swings bafk to an equal ‘listrihutftrti, and the amnfint of throw on • 
i\ ballistic galvanometer caused Jiy the swinging backwards of the 
flux across the centre torn*of the fuain jx>lc* is proportional to the 
column luting flux. 1 • 

* Whqp there arc only half as many commutating jniIes a> there 
are fhairt pole* (Fig. 27*1), there i> greater danger from saturation 
of the magnetic tin ml, In rtie armature and yoke the (lil Terence 
tret ween the more .saturated and the less saturated portions is 
again equal to the reversing tins, i.r. the densities are severally* 

, * . t fa <tv 4>. 4»™ i-Or <K <l», ; (h . 

pro]toM jonal to - (| -- 4> -, — 4 t mm ", where and 


0* are the him mal fluxes befon* the addition of < ymmutating poles, 
but and < F r are greater. ,Mniv than this, an iu< -quality arises 
between the total fluxes rallied by the magnet-c-on-* of each jiair 
* of poles i the one <>l opposite sign to a commutating *pole must 

0 , 

cany a lot'll flux roughly propnUional to (|» w | - and that of the 

• • • z 


- - <F r 

same sigh <!>* - 


Since each armature loop is arttvl'iqvm by a 


pair ol |x»les, this dors not affect the K.M.I'Wof the various parallel 
paths, but the difference of density equal to <I> r may lead to an 
appreciable reduction in the normal main flux owing t<f the greafer 
nnmlkcr of amfiere-lmns recpiired by the highly sa pit at rd jxdr-cnjc. 
Further, it may become di Hindi to dispose of tile necessary a mperc- 
lurns (Mi the single commutating jnde without overheating, so that 
this arrangement requires care in its application, * 

* I 15. Flux-correa ol dynamo.’-It has lxrn shown in § 9 that 
the number of amp^c-ttimft required per pdle to give 6 , 280 , 001 ) 
lines through the armature of a particular dynamo is 9,750 when file 
armature current lias its full ?alne (i.«\ the sum of 350 amperes in 
the extelnal circnif and about*6 ampere^ in the sliunt jircuit of it*?* 
field-magnet, or 358 amperes in all). Ik a nuipber of different 
values be assigned to <b # , and the ampere*tums required in each 
'case be determined (always on \he assumption that the armature 
current has its full value), a furve may be \4fftted. connecting 
together the corresponding <J> # and AT f (or 2/tr, ~ X/), 

« • • ♦ • 

1 IVolewor E. Arnold, E.T.Z 15th March, 1906. 

♦ • t > 
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Fig. 274.— <*urves of useful /lux of 21 in. y Jl in. dynamo 
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wfthis curve may be called jDtS'Citn *of the particular dynamo 
or its full current, or more strictly for the full va)ge*>f its armature 
mgefc-turns.' Curve 3 in Fig. 274 shows such*a full-current curve 



of flux for our 2Y £ tP dynamo, being maintained throughout 
at its full value of 356 amperes., «Fl* corresponding values of 
and AT f ma/com%nieialy b£ forked out in a tabulated scheme , 
aftgr the pattern of Table IX, shpwn op page 527 which shows # the 
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« 

step of the calculation in a slight If abbreviated form. Or, if the 
machine be'alieqdy built, they may t>« determined expen mentally, 
an will l>e shown in.Chapter XVII. In either ease fhe brushes are 
throughout assumed to be adjusted to the point of minimum sparking 
under normal conditions wkh y»* current irt question, and the 
abrupt termination (4 the cum? marks the jurint Urlow wliirli it is 
imfoss^ble to.rMure tile magnetization without causing excessive 
sparking at the brushes If terrain catiy out |he same process 
for a different and smaller value of I«, say half its maximum value, 
or 178 amperes, a stoond nu w (Vux will be obtained for half- 
nirretil ; in the nhsfr'tn r*of commutating pole* this will fall higher 
lh;iu curve 3, irusnmrh as the bark ampeie-turns are less, and 
Ihr/t^ore fewer umjterp-tiiriwarr required on tin* field to produce 
a given*number of lines through the nimature, 

biimlly, d f a l><- taken ns 0, there is not rad inti of the armatute 
current on the held, tin? hack anipre-huus, .-17' 6 or 2,1 7\ - .Vi 
ajv Zero, .»ud the highest o^ " iioH iinent " curve of flpx (1, in big. 
271, p. 528) is obtained* 

The use and importance of these f iirvei, will be nmro apparent in 
the next chapter. In big. 2?5 is repeated the n^-nimrit curve with 
its vafioi is m mi lament items shown separately by the < lotted curves ; 
Mich a separation is instinctive as illustrating flu- relal ivr; important e 
of the several jHiitioiis of the magnetic circuit under different 
degrees of saturation. A tangent to the initial part of the curve I 
may In* called the “ an-line,” since il nives thtauqH'ic-Uuns required 
by tlin git -gap for any value of the tlux. and it is of seryire to deter¬ 
mine this exjKuimentally in order to check tiro calculated values, 
especially in toothed armaluics. It stumkl he observed that 4hr 
horizontal distance between tlie curves for ium urgent and full- 
current for any particular value of <1^ is more than IN* direct vMue 
of the back‘ampere-turns AT t> namely, 555, inasmuch as tjjcsc 
latter increase tin 1 leakage, and therefore the ampere-turns required 
over the iron of the magnet. The Imii^mtal divergence of the 
curves becomes, in fart, increasingly marked as the mug not 
approaches saturation, 

i 16. Detonninatfjn ol slie.ot fleld-wiw. * The different ways in 
which the field-magnets Vf dynamos are excited, according tef the 
sources whence the magnetizftig current is derived, will be explained 
in the following chapter. Apart, Imweyer, from sud^differences M 
source, it remains to determine the nece^ary gipi(£c and weight of 
copper wire required for the winding of magnetizing coils whiefi are 
to give a certain number of afhperiMurns, .17*; these may form 
eftlrcr the whole or a part outlie total excitation required by the 
machine, the following bfrqg general solution of the problem 
applicable to all cases. The data*that* form the‘starting-points 
may vary* but usually *thp' arc^ a knovAedge* direct or indirect, 
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Ofji) the vokage that will lie applied to the ends'of the wire, and 
(2/the mean length of a turn? «fciven the thickness and width of a 
rectangular ipagnet core, or the diameter of a oyrd t'ore, it is easy 
lowestimate fairly rli***ly the mean length ot one turn of a coil 
encircling either tlie one or the cither; a re Mail! allowance must 
lie made for the depth id the uiedm?, by ic-ysott of which the mean 
length of a turn in the central of Several layers of winding will be 
greater than the artiud |K*imeter of the mugnrWtself; and the 
9 correctness of this allowance uiiist In' siiiscqucntly checked when 
the winding has been determined Kxi>erie»a\ however, forms 
a ready guide oi^lhis p>int* \\T\t ft may thedtore 1 h‘ assumed that 
the mean length of one exciting turn i> known when the dimensions 
of tlu; iron encircled by the coils are known, J.et this mean length 
— /,, and let \\ the voltage whith will be applied to IheVljds of 
tlu* exciting coils. Ial o\ tin* mjslaiuv in ohnis nt urtii length 
of the required wire at a certain standard tcmiH*ralmv, say tkr 1\ ; 
•amt let .1 and T f be the two factors, the magnetizitig emrelit in 
amperes, and thc^iuimber of turns pc$ niagiiel coil, so ibat if A’^ be 
the number of roils in ipiestioii AT f A T tf * the total number of their 
amj)erediims t The resistance of the magne tizing turns (assumed 
to be all in sfries)^it the standard lemjHTatnre is - A r c T f X /, X w ; 
but when a current passes thiouglf them, then, as explained in 
•Oiapter K\\ § 5, their lemjKTatmr will gradually rise, and, in 
consequence, their resistance after a run of some hours will lie* 
, higher than at starting. It will thus In* necessary to multiply 
their resist.nice at HO iiy some coefficient, k, de|»oiutent.iqu»ti 
their rise «n& temjH taturu in working, and on the tcnq^TatHre of 
the Mirrofinding air from which that rise is reckoned; or A 1 , •* 

\\T, x x oi x k. * 

9 The find tenqicruture of the coils v*ll lie attained when the 
rale at wiTich the heat is carried away by radiation, ronveclion, 
;md conduct i^i* is, equal to the iatc at which it is generated. 
The maximum rise of the temjxTatmc of the outside of the coils 
above that of the surrounding air will depend iqMi the ratio* 
wfiich their cooling surface bears to the rale of generation of heat 
in them, provided jthat ‘the roils wbuii arc compared art* un«W 
s^nilar conditions in regard to tkeif ejfect^ve ventilation, Hence 
from a knowledge of this ratio, and also of the temperature of llie 
9 surrounding air, the maximum 1emjx*ratnre wliich will he atfuiiud 
by the outside of the erf! in conftmioiis worl can be Predicted ; 
«*, in tin; cast* *f a finished machyiv, it can be measured by a ther¬ 
mometer. Kilt with ‘a large immlwT of layers wound *Insely over 
itfic another, as in a licM-magnet toil, an apprec iable difference of 
temperature isVequtred to ■produce the flow’ of heat from thecdhtral 
layers to tjic outer surfaces, conduct ion partly through the 
length of the wire itself, anTt partly from layer to I a yet across tb$ 
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intervening cotton covering, this latter being a bad ^thermal con- 
„ ductor. The temperature of the (fitful layers of the winding Is, 
therefore, considerably higher than that of the outer layer as 
measured by a therrqpmeter applied to the external surface. *The 
value of k is fixefl<by the mean temperature of the whole mass of the 
coil, and is thus dependent now only on the maximum temperature 
of live external surface but also upon the depth of the winding. 
For fald-magne^iiiils when divided into sections and well ventilated, 
the raticT gf the mean ru** of tentocrutureMo I lie surface rise as 
measured by a thermometer varies from about 1 *25 for a depth of 
winding of | inch to about 1-6 for g depth of 2} inches, or 275 for 
3 inches. If not divided itfco sections, the ratio will be even higher, 
an<J may be 2 or over. ’ For each degree Fahrenheit that the tern* 
’puraturc of a piece of cop|>cr rises between the limits of 60° ami 
150° r., if* electrical rcsistandyises 0*222 per cent, of its resistance 
at 60° F. or 0*22 per cent, of its resistance at 68 ° F. Hence, to give 
an idea of the practical value of k, if the field-coils are 2 | inches « 
deep, and the maximum temperature attained by their outside 
|je 45° F. above that of tip surrounding air, the'moan rise of the 
temperature of the whole mass will be. say, 1-6 X 45° == 72* F. ; 

I he value of k> or the ratio of lift; resistance at the new temperature 
to the resistance at 60° F. will-then lw 1 }• (72 X 0*00222) « Me, 
when the temperature of the surrounding air is assumed to ^e 60° F., . 
or 1 -f- (72 X 0*0022) -« 1*158 for the same rise of temperature 
reckoned from 68 * F. (20 ,s C.) as the initial temperature of the 
engine-room, or as the standard temperature given in many tables 
of copper conductors. 

V'TfK . 


Now A ** VJR W \ Ihercfuie AT f N t 


TfN\ xUwxlf 


whence 


* 

0 ) — 


V . 

A T t N, X X k 


or if l m be reckoned in yards, and «' be tlie re*ixfnnc<?of 1,000 yds. 
cf the required wire, # 

V M X 1.000 , • 

. w AT,N, xl.x-k ' " ' ■ <124) 


• ♦ . 

The area and di m no ter 41 f tig) required wire having a resistance o i 
ohms per 1 # 0 (K) yards is casilj^ohtained by reference to any table 
of the resistance of popper wires , 1 or by direct calculation. The «, 
international standard 1 for anneMed coppef wire, 1 metrd in length 
and with a uniform cross-section oil sq. mm.;being V*4h of an ohm 


1 Such m may be found, in Whittaker's Electrical Engineer's Pocket 
Booh, p. 112 (4th edit.), or Munro A Jamieson's Pocket BoOh of Electrical Rules 
and Tobies, p. 296 (18th edit.). $ • 

* In accordance with the Report mooted at the Berlin meeting (1913) 
of the International Electrotechnical ConftniSsion, • * 
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at 30® C. (68^1?.), the resistance at that temperature of I.OUO yds. 
of annealed copper wire in ohms is 002445 -r area ip square inches. 
Hence the art>a of the required wire is 0O2445^«i' sq. ins.; or 
(HKM45 ATfS t x l 9 X k* 

area id wire * ^ ^ { {m - *1 • (»i s ) 

Thus for the same exciting volts and the sdme size of coil which 
givex the sanu* / <t and practically the same heating vocftyricht A, 

► the amperc-tm As are directly ju>]K»ftioiAd to the copier section 
of the wire. It Mill also Jh' N*rn that the uIkjw equations arc 
immediately applicable In oite cultd A aijqVre-turns on a multi' 
polar machine or to all the 2/> coils in series <r in parallel oi in any 
combination, if V f ]*■ given the correct value appropiiatc lo lhe, 
given case. * • 

If the wire is to Ik* of rcctangulo* action, the two dimensions 
which go to make up the area may bo chosen to suit our own con¬ 
venience in winding ; but if it lie round, the* tieccssaiy diameter in 
indies is * , • , 



4 x ur*# 

7t 



whence ul'the above stamlanl temjiei.itme 


d 


om 

y/wt* 


(126) 


* i 

From the above formula: it is evident that if V t and In* fixed, 
there is byt‘one area or diameter of wire which will satisfy the 
equation and give the required numlHT of anijK-ie-turns; and 
further, that this area or diameter is entirely independent of the 
actual minjicr of turns In the roils, sinr'<r‘neither T, nor A iipjtcars 
sejxirately in the final equations. This result may at first sight 
seem surprising', Iwf is easily followed when it is remembered that 
if the number of turns be, for inM.m<c, floubled, the resistance of « 
thcvcnils is also doubleJ. which, with a given V t , halves the current 
through them, and therefore leaves the: total iuiml>er of amjjcre- 
turns unaltered. If*the number of tjnns 1*> doubled by winding* 
i\#!ce as many layers on the same length of bobbin, it Ls true that 
l m is increased, since the depth of 4 .he winding is doubled ; but the 
►t-tfect of this upon the necessity dianyt er of wireis partially court ter* 
balanced by the reduct iofi which must lie made in the value of k. 
\\1ien the nuiftltr of turns is doubled, the current and the rate at 
w'hich it generates heat are halved ; the cooling surface is also 
jt&If increased,#owing to the perimeter of the coil being gr$a*cr ; 
and therefore, for both reasons, mean temperature attained by 
the coils wilbbe less tha/i befor£ Tl«c lesser value of A thus partly 
compensates for the increased value of 
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I 17, The dmaq length of tyro*-With a rounft pole-cor* of 
diameter />, .when insulated or including allowance for insulating 
jwelting strips krlwcen roil and pole and wrapping *on the yisule 
of the* roil, thclpngfli of an inner turn is /* - irf\, and the mtan 
length of a turn in the centralJ;iycr i> . 

t, \l t i irt } i) . . . <127} 

* # * 
where / * the Ifttat thickness of the copjx-r finding. 

In the (tar nt a bobbin ground on a former which flo^dy embraces • 
u \**\e ol rectangular section, if the length ol a turn in the Urttum 
layer is l t 2|(J } V') J- W)J* allowano; for the insulated 
sjHxd being made by idling to each of the component dimensions* 
.till. 1 length of a turn in any other layer is made up of tjiis length 
pittsKx qyudrunt of a their ,q i(uli corner, the radius of this circle 
bring equal to tin* depth of ijte winding at the layer in question. 

’ The mean length of a turn in the central layer is Hut. again 
i -h * 


But if the poll* of reejattg«ilut section is cast pith a r radius r at 
each corner, and its two flimensioiis are .1 and Ii, iis jwiphery is 


2j (.-I - 2r) \ (H ‘lr\ { | Jar, ami with an nil. 

iwaiuv 

of j" for 

i lear.ma- ami insulalinii 

1i «{(.! *) 1 {'< *)(* 1 2«r(' ! D- 

• 


lln- "( lilt’ ini'.in turn is lliru . 

« 

» a 

i \ 

1. 1. 1 nt -'Jr) | {it J,)| |.J ff (r 

1 2 i~ 

7,1 [Mu] 

and of ait outer turn is ' 


-7 

K'K 1 'int. J|(,-I Jr) | («-20j 1 -V (r 

i i i 

0- 


It may* be worth while to mentiou that if a rnntivitoUs length 
of round wire is wound <>n to a bobbin in several layers*the Liyeis 
are of alternate hand, and at oru* point each turn of an up|*V 
layer has to cross over Km turn of the layer lxlow it*; hence,«if 
rf, d | d be the diameter of the wire with its insulating covering, 
and n lx* the number of layers, the depth of \y inking at this 
# is rtd v Kvcept, however, at the crossing jx>int* the turns of tlie 
* upjx-r layerfs lied into the hollows Ix'twoeii flu* turns of the layers 
underneath. The dept It of winding is then « 

* d v \ (n - i)d l yn H0‘ J * d x j I -I- [n - l)44ti6{ 

4 * - \n x 0 866 \ (MI«) 

While allowance must be rnade*in the space allotted for the bobbins 
for the linger value?the mean depth of«wjnding from wjiich l m is to' 4 
be calculated may he taken as ljing between the l wo values, or # 

• 4 t - \\ 9nd, . ' . . . (128) 

l«ip. Determination & weight ol field-wire amI dintemfoaa Ut 

bobbin*—In order, therefore! t<f determine the actual number of 
turns which must be used, or tffe wgigbt of pare, {he necessary area 
'or diameter of which li»s*beeii determined! xome other factor of 
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the problem-must bo known. This may be eitlitr (he number of 
watt*, IT. to be li>sl in theftilbrioils under consideration* or the 
current ,1 ; t lie latter ease is, in reality* idcntica^with the former, 
sijice .1 -- \\\ TV and in many cases ll'untl 4 form two of the data 
given at the niittvt, whence Y g IT .I is at on«* derived. 1'nnu 
our knowledge of* II* ui of .f, the t#iaf miml**r of turns is nt once 
fixed as 


and the told) length of win* required T t \ r X i M yards. The 
weight of one yatd of annealed (ugh-coiwlnr*ivitv commercial < 

. , ie _ t #i . • t!«241S 0-282, 

is 11 -5:> X ariM nl square imhr- 11 w - 4b,, 

fi c> 

therefore the weight nf win* i*- • • 

# ti 282 

r,\ c ■ /, V , lb. ; 

in 


>7 v jf,v, v rj. 


wla-rite, bv ■'imjtle -oitMilufion, fioifi t-gh.ihon (124 


*«. . 1 1 • x /.a ft 

wH«UmJ!.. >,.v, -• -o*-ae •• ^ <i fm 


I r,.\. 


• L ■: <i 282 x 


MfSr / r M X k 


a ' r x v \ t m 

[AJ,X r * >: f*, x A* - d-282 
* H X l.OtHI 


• • 

Whiled he above gives 1 be net weight d tupjH-j, a small addition 

•must bo made for t)i^ weighl of (lie cot ion < ovt jing in order 1o obtain 
Jlic gross weight of the insulated wire. # Snr|i addition ranges from 
7 per cenf. with a win* U-04() # di.mietei id ljp*i cent, for diameter, 
•ils import ant ('becoming less ami h» .is ibe size # is increased. 

It should T>e observed that if inn* object is simply to form an 
estimate ol the weight of wive required from the abi^ve data it i* 
iftinecessiry first to deter mine Uh oj fin. at trial mimlxrs of turns ami 
layers of the wire. The final seif lenient of flu- winding will, however, 
require the la tier to lx- drtrimmgd *aml ,eta*n the number of layers 
nas Invn decided il will Ik' well to Thert ifie correctness of the 
assumed doplh of winding underlying the lirsl estimate of / 1 , the 
mean length nf a turn, • . f • 

# Round \yr* singly or double r oil on-covered, rectangular wire 
double-cot toil-covered, and also wide copper strip, 4 ruai 1 a(j a d with 
^intervening layers of pajier orValico, are .used for the winding of 
field-magnet t>oflbins according # tu (he circumstances of Hit case. 
If a •- the section of tlic copptr yfa or sfrip, and *i 5 = the space 
that must* t>c allotted to fcaeh insulated wire with dpe allowance 
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4hapt6r xvr' 


for interstices between adjacent turns m the case of* round wires, 
a > * 

<r — is the ratio of the net volume of copper toThe gross volume 

» . 

effect of bedding whiffh 
OTgM tf 


occupied by the insulated wire. The 


increases <r from 07854 ^-to spprpximalely 53 0-875^ 

improves the efficiency with wlwfi the space is utilized considerably, 
The total thickness of double cottr>n-covering in the case of round 
wire is usually from 12 tif 15 mils; And in the rase of rectangular 
wire 20 mils. Owing to the In-ddtng, the curve of a for a field- 
magnet roil with smaftioiyid wire? douhles:otton-covered falls in 
between curves a ami rf*of Kig. 147, hut uses more steeply, and for 
jvirfc* above 0-050* diameter more nearly coincides with curve b of 
Kip, Mj. 9 The/atio thus in praVtin* ranges from 0-4 to 0*65, and 
the greater volume of coils in which a high voltage demands a great 
number of turns of very small wire as compared with low voltage 
coils with the same number of am|*rr-turns is worthy of special 
nottw On this account f<# slnmt coiLs it often bi*c<«tiu?s advisable 1o 


adopt singliM-otlon-cnvcrcrt wires, in which the total thickness of 
insulation averages about 8 mijs; the village bytween adjacent 
turns of a field winding is not large even m 500-volt machines, and 
the thinner insulation suffices to withstand this voltage, while a 
becomes as high as curve a of Kig, 147. Small round wire specially 
insulated with a thin layer of a tough, elastic, and heat-resisting 
enamel has also been tried for field coils with some success, blit has 
not as* yet come into ordinary use, 1 *()n larger machines, and 
wherever Hie area of wire which is to he wound is considerable, 
the use of a rectangular section is advantngctyis, even though the, 
thickness of insulation has then to l>e increased to 20 mils. Indeed, 
a thin wide strip of which the one dimension is many timo^t he othet* 
becomes quite permissible, and from its convenience in winding 
has much to recommend it. • ' « 

Zn special cases, where the dynamo is subjected to very high 
temperatures? the field wires may be insulated with an asbestos 
covering ; or it a wide flat section of coppyr can«be employed the 
turns may I* insulated from orjp another by a thin strip of asbestos 
paper of a few mils in thickness. • « 

Since the cross-sectional area through one side of a coil must be 
equal to the number jd turns in the coil multiplied by the area a, 
taken up £y one wire, an important relafion exists between the 
dimensions of a coil and the aniper«-tums whiMi it i Ai furnish witff 
due regard to*its heating. The negessary dimensions of any coil 
can, in fact, be determined from equations (124), or (»27) 

* * | 1 
1 Bare aluminium wire on wbick an ifsukting coating of oxide is formed 

baa also been used, EUhtr. KraftixtriAx ufiBtfntn (Hopfqjt), Vc4. 4, p. 401. 
ajp! E.T.Z. (E Duschnitx). Vo!. 34, p. 133|. \ 
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t consideration of the resistance or volume of copper as related to its 

* •' ,* / 

external surface. Tims the resistance of the coil is T t . x ~r X 

. } l . r , , 0410002415 t 

co xk /,/,*.---r Wien* a e* the net ct'iqvr sit tion 

1 of the wire or strip in square indie's. The watts of the coil are 
..... » 0*00002445 ’ 

thence It --/I s I f i. ft. -- —If, as is usually the c;a<\ 

, - * * * , 
the dimensions erf the coil are frJWd by life necessity of* obtain¬ 
ing sufficient cooling 1 surface to dissipate the heal hrss without 
exceeding a certain fixed rise the yirfatV lenqvraturr, let 

_ 11 . • 

£f • . Ik* tin* permissible rale <•( l«ws in watt* 

•*>1/- ■ *• I ■ Im) % t 

jk*i square inch of external cooling surface t«* give * riM* *d 
temperature, t 0 lieing the exlertial pcrilhclcr of the coil cxpicsM-d in 
y*rds (so as to correspond with the perimeter of the central layer 
which is in yard's), /. its axial length in inches, and t the thickness 
in inches of the witfling in a radial dirA'tinft, We thru h.ive 


IMKMI244S 

a 


:«5 tt' {/.*/. I 2V,} .1**,/,*. 

♦ 

.1* i f k :• U ti8 v Hi* 6 




ff M rt 


Since rt, tin* space in square inches taken up !>y each insulated 
wire, including allowance for any waste by interstices, a ■ <t. rt x , 
and Ltja l ^ T f . Multiplying both sides of the above equal i«*n by fJ» 
the necessary relation 4x*twcen lilt* dimensions of tin? coil ami ils 
any»ere-turn* is obtained, namely, 6 

/ * * ] 

>L?(\ (.17,■ / 0 -flH x itr* « . (129) 

l £ • • ^ l (J 




. I* - 

9 


• A T, I ft 1 

\}m v it i - 2 i v? 


&’ Jl*\tf*xj%**»* 

Tin* value* of yfc (wi\ li* round wifes (I H35y] ris<*s fin m 075 
» . • \ ♦ m a i / 

for Wire of 0*050' diameter iiisiilatea with 12 mil* of ml Urn covering 
nrjl*81 with wire0*190'diameter atid 15 mils of insulation to as high 
as 095 with coppet strip, *nd is approximately known frorp 4hc 
nature of the winding and the rxritiygVoltage. Further, £f° and k 
are mutuall/ dependent upon ine another, the ratio cd watts to 
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cooling surface fixing flu- heating coefficient. The vitio ljl a i> in 1 he< 

"« * rliam. of inside turn *f H 

case of circular bobbins equal to .. ■/** , r - - . ■ , and 

w « dniiri. oi insuk turn -}- # f 

in the ease id a rectangular bobbin of which the two inside dimensions 

are A and ft ^ • K the dc-thcd depth of winding* 

is,J<i)uwti ( the, nitessury length /, call 1 m* definitely determined. 
The influenc edis small, since it mdy yaiii-sfrom 1-33 in smalt to 
t-l in forge machines*so thut*;fn approximate estimate of life 
necessary cross-section of coil ran Ik* made With dose accuracy not 
only without calc lift/ing out thf exact size of wire and number of 
I urns, but also without calculating the exact depth of winding. 
Such values can thus be J>eforrliand assigned to /, and t as will, 
enable, the required number ut ampere-turns |o |h* obtained without 
overheating. * 

If tile cooling influence r>£ the end-flanges could be lleglt cted, the 
ampere-1 urns of a coil as fixed by its heating would then be simply 
pro[xittionul to its length ;nid to tin* square ro*t of tile depth of its 
winding, but even if thft simple approximation is not adopted it is 
evident that, when a given mrmlH-rof artflx-re-Uyns is to he obtained 
with a fixed rise id temperature, an increase in tfie length'is of 
considerably greater value than ail increase in the depth. 

The volume of copper in the roil is Ua ;< iW, cubic*indies, and 
since the weight of a cubic inch of cojqH'i is 0*32 lb., its weight is 


Lift.I x :< 11 -5lb. Since by U<r 




1 . 


U 


X 


V/X(HSb6xlO*« 

it. . 


we have 

Weighl <>l coil ui lb 


(d/>iV 

i.. 1 ; i * 


/, 7 HH . lit * . (ISO) 


and the tqjul weight of co]»|KT on the mad mu- i> this quantity X 2^. 
From this it follows that, for a given rise of trpiperature and given 
dimensions of pole, the requisite weight of copjKrr is very much 
reduced by increasifl^ the l^ngfh of the coil.* A limit is, however, 
set to the jKissiblr ilecrease in the weight of copjvr used by two 
considerations. As the lengtfi of the mil is increased, although the 
same tiJnperatmeVisr is aft,lined, th£ k>ss in watts it continually 
increasing, and cannot be allowed to reach*ncti ai'ajno as to impair 
the efficiency seriously. Further, the length of pole increases With 
the increase of the bobbin length ; the magnetic circuit is in cpn- 
setfliencc longer, the necessaiy amp*re-turns nfhrt\ and finally, 
the size, weight, and cost o?tbeWyn magnet arc greater. The best 
length off oil must therefore be det£tiflined by a Compromise between 
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a mjjnbcr of conflicting considerations, the advantage of »t reduction 
in the weight (if ware being finaliy balanced 1»v the increased cost 
of the,longer troll nr steel flutes anil Voke-rtng, jiiiH by the lower 
rffwu-ncy of the machine as a whole. • 

| 19. Winding of field-magnet bobbinx. llm*Whl coils of 
small macllines are usually wound fh a la 11 m* ot sin-dl^ winding 
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l'|i. -7(v -Ktuiml shunt* maj^n'l i oiN. # 

machine on wifidrn fd^tner between leiiijvuary chirks ; ihr 
nufitaous layers of wire ate hmll up filling (he pi mess of winding 
pith interlaced strip* of t.qie, so. that the wooden checks a ri«HuialJy 




Fi'«, 277» *Je<tA«|prtAr nu^nH iods. 

the former itself may be withdrawn without the coil losing its ►hap-, 
the coil is thus left self-supporting. and no *pool is required. I he 
ends and the whole of the insidr are then covered witli»jAper, 
press-spahn # or* micanite of diffgftni degrees of thickness, according 
to the voltage winch Jhe coll Has to withstand, especial care being 
> 







MO 


\cRAPtEK XVI' 

takrit to secure ft' thoroughly sound covering on tfie inside *dges 
where it will be in contact with Mte iron of the pole-core. Finally, 
the whole cOilis .wrapped round with an overlapping Jay er of .strong 
tape to retain the tme insulating covering in place, and is varnished 
inside and out.' Such coils, both round and rectangular, are shown 
in Figs. 276 and 277. They* ar«*t breaded over the poles, and are 
fixed in jilace so as t nM to became chafed by vibwtion, preferably 
bcirtg secured Jnd ween two iron or bsuss Retaining plates, the one 
resting against the projecting pok>shoe and the ifthor fastened by 
pins driven into the iron pole. The thickness to U* allowed for the 
insulation on tin* in&Jc, after fhfc scheme shown in diagrammatic 
section in Fig. 27 8, rings from 0-045'for 100 volts to 0*070* for 250, 
and 0-110* Kir 500 volts. In machines subjected to especially trying 

conditions of dampness the wbund coil is wrapjwl with a double 
• * * 


layer of webbing, and is then soaked in # bilunion or olhcV insulating 
varnish ami thoroughly dried, until, to use an Americanism, it is 
“mummified."* For larger machines spools ,ar» fit many caste 
employed. These may be either of insulating material, such as 
>vidcai\asbest, specially moulded to fit over the poles, with grooves 
formed in their flanges to receive the wire leading to the bottom 
layer ; such sjmkjIs are convenient for winding,,and provide a very 
high institution from fjic irotf, tmt they have the disadvantage tf 
being heat-retaining. Or the Mmols may be of metal, usually with 
a sheet-iron cylindrical body riveted to malleable iron or brass 
end'flang§i; the laftcr being pierced *1th holes or sta^shaped to 
give as much ventilajion as jKissit^e without impairing the mechan¬ 
ical support of I he winding. Sucli spools conduct the heat better 
to the iron of the pole,.but their winding surface jnust be insulated 
with Several layers of varnished paper op micanite cloth. In order 
to obviate the danger of a bleak %{the leading-in wup rendering 
Jhe lower layer inaccessible, a thitf insulating partition may be 
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placed against th t end-flange, and within this, -as cadi layer U 
wourid, a turn of the leading-in vkifi* taken in the reverse direction, 
until it is finally brought up to the top, flush with t|*e bulk of the 
winding, and in a readily accessible position, pr a thin strip of 
copper is soldered to the first turn of the lowest layer,tfkitl is brought 
«out under the winding and couplet dy insulaied therefrom by 
intervening mica^ l'ig. 279 shows* the fiehFcoils of arf 8-pole 
machine in place on the magnet-cores the mb being wyundl>elw’A*» 
lyetal flanges anilsrunnecttd in round*! lie circle of 


• 4 1 •• 

• • 



Kio._27#.—Kigli! pole jna^nct-frame with coiJi in pl.«n;. 

♦ * 


For the better ventilation of JargeVoils it is Very common to lind 
them divided into ttfo or three somite sort ions with air-ducts 
between them. Such air-ducts may b£ dtfter radial and com¬ 
municating with a central air-space Bctww-n 1 he indde of the coil 
tind the polc^ore, or they play run longitudinally through Ihc coil, 
thc^separate s^jctjpns being kept apart by strips of wood or fibre 
which ore interposed at intervals so as to form a circular air-gap. 
Thj end-flanges in either case iut pierced or cut away to form 
corresponding opfcnfhgs through which the air may circulate, j»qp. 
280 and 281 illustrate the fint metlyx) 1 , with which, owing to the 
smaller sue of the Actions, wt?again return to separate co\1s wound 
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so m to be self-supporting and afterwards slipped over tli^ pole 
without any intemLl spool; Wood strips boijed in paraffin-wax 
arc disposed rr>ynd the pole and wedge ttie coif in place, so that no 
further internal insolation is required, and small black fibre distance' 
piece* dovetailed to the wood strips serve to keep the sections 
apart. The inner ends of the. winding* Are then conveniently 
brought out through the radial openings ln*tww. tlir sections. 



Series coils arc advantageously made by winding flat coppe^ 
strip on^ilge withtasiilation laid in l^twccn the tumss the heat is 
conducted directly to the nutate edges of the* copper, and 4he 
utilisation of space is grind. Such a construction is used conunbnly 
for the coils on commutating jx>Vs, which vary the full armature 
cinvent, and if the copper strip if of suffif ientlv substantial dimension 
it may be left bare with an # ai|-^i^cc only between adjacent turns. 
Fig. 282 4 $hows a commutating flehVcoit *^>f copper strip wound 







I’lC. 283.* p<4c $n<J i.oil (The Hiiltsh J hom*on-Houston 

» Co., Ltd.}. • » 
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directly on the insulated pole-ape^ the connection^ between* the 
« coils for Urge currenU being made by interleaved bolted joints, 
* * * 



I'm. 2W. SOU kW 'MW r.p.m, 3-wire generator for direct driving by mpue. 

(Thr Hxitinli Tli<jntv>[i Ilmoton Co,, Kid.)' 1 


at id in I ; ig. 283 may In* slrn l lie complete assembly of main and 
commutating poles. 




CHAPTER XVII 


SSIUKT.'stFlES, ANli*Cn*OlTSI> WASHING 

t * * 

11. Hothodi of excitation o! the fi*4d-ma«Det ’SeftnU excitation, 

;—The excitation of the fclectro-nuignet of^i dynamo is, in generAl, 
effected either (1) by coils connected to u separate source ol current, 
the machine being then saidjn U* " separately excited /' or (2) by 
coils forming a shifnt to the external t irenti, rtu* dynamo being then 
known as a " shunt ** machine ; or (3) by i.oils in se ries with tlje 
« external circuit, when the dynamo called a '* sciio ” maejnne ; 
or (4) by both shunt and series roil* in combination, a •method 
known as " compound winding." * 



The excitation of a machine from a separate and entirely external 
source of electrical energy is the must obvious method, and was the 
one first adopted 1 in prartire, a small dynamo with permanent 
magnets of steel being used to fu/nbh^ur rent, for exciting (he field-* 
mtgnet of a larger dynamo. Fig* 284#slio\ts a separately excited 
machine, the electric circuit of the magnetizing coils being entirely 
'distinct from the circuit of Jhc mairj dynamo ;.in the diagram the 
main external circuit, i!«, \s indicated by incandescent lamps 
stfting in parallel across from ihft positive to"the negative lead. 
The source of the magnetizing current is represented by a battery 
of* cells, but, ot course, is # usually a separate continuous-current 
dynamo. The ^principle is stilj 'retained in connection with 
alternators, n separate, " exciter " ‘furnishing continuous current 
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htf tlidi excitation, and in cases of continuou.v-current 

dynamo* when their qiagnetizatioy Would otherwise tend to became 
unstable. Thp calculation of the field-winding for separate 
excitation is made at once from equations (124-6). 

12* Shunt exdUtion.- The second step in the order of develop¬ 
ment was made wluni it wav tiUgKpted that a purl of the electrical 
output delivered by tfee main dynamo might l>e used to maintain or 
increase tile magnetism of its own field-magnet. lliiswas, however, 
only possible* if the machine were^ hum shell w'itli \ coin junta tor by. 
which the current was commuted into a steady flow in one direction, 
and was thus jeml<*id suitable Jor magnetizing purj>oses. Two 
distinct methods wvreldiAi invented by which this suggestion was 
realized. « 

* first, magnetizing t‘nik were arranged as a shunt to the 



external circuit proper ; ihuv, in log. 285. horn the buishcs of tTic 
dynamo two |ui1 tis. A’ # and A\, are presided, and flic urinative 
current divides into two portions, the relative tnagifi tildes of which 
^ wilt vary inversely as the resistances of A 1 ,.and H % ; while the one 
* portion of the total armature current flows through the external 
circuit A*„ wherein the useful electrical energy/ is manifested, the 
other is shunted through tlx magnetizing coils, and both -reunite 
to flow through the Urinal lire. The voltage on the shunt is, Vf 
course, the same as that on flic external circuit, since the same 
terminal* A ami serve for both. It the resistance q/ the shunt * 
R t , be relatively high as comparcdwvhfi a,, .only admail proportion 
of the total fnergy developed wifi lie ahsortied in exciting the field- 
magnet, and this is the case under load, owing to the resistance of 
the «ej;tcrual circuit (icing then comparatively lew. Hence the 
shtmt coils consist of a large number of turns of small wire, and are 
represented in the diagram bv finl lines. . 
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* 

% H Bmkt fMiitiHon.—By |the second alternative method* 
magi&tizing coils are arranged iirs$pi« with thu external circuit, and 
the whole o( thy ariftaturc current passes alike through Hie turns of 
the fteRl-magnet coils, R m , and the external riryutf, (Fig, 286). 
A portion of tin* total voltage dcvelojied al the brushes is expended 
k in the magnetizing cWK and the tjpmiMhlrr is available for useful 
work at the t emu pals, ii. !>, to which tl»r external circuit is^ipplied. 
If the resistance of the series coils, /v*. be low .t«Vcin|Xi)e<t with the 
distance of the *xternal litcuii, jHio rvage of energy ^Iftorhcd 
in the field will In: small as compared with ihe it-adiil output; on 
this account the series coils* will nsimlK' I*’ a few him- of thick copper 
strip, and are >o represented in the diagram? ! 1^' mimk>r of ampere 
turns oil the magnet of (lie dynamo may lie 1 the same whether it 
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K* shunt- oi Mxiev\voiinc|, since in the one case a small i intent flows 
through a targe number of turns, and ilf the other case a large 
r nr rent flows though a few turns ; ami in both cases tile amount 
of energy al>sor?x‘d in securing any given mimUr of amjn're-lunis 
is stniplv «i question of jhc amount of rop[iei in the fichj-rojjs. 

|*C 8ell-«cit*fckm. A further and most important step was 
next found to l»c practicable, namely, the sclj-fxcttatvm of flu* 
machine, whether slmiil- or Miies-wcwiiuj, Tin* field-magnet of a 
dynamo is slightly magnetized, even wM*» the machine has ceased 
gunning ; it may then appear to t»e'jperfectly demagnetized by its 
* (ailing to attract, sty, a flinch of keys held ntai the pote, but a 
mare delicate Jetf wUl jjtow fbafrboth forged and cast iron or steel 
retain a certain amount of magnetic flux (thapler XIV. § 4)., The 
prjjscnee of this feeble residual flt/x is sufficient to start the process 
of self-cxcitatioh, %o that when the armature of either Fig.»28o 
or Fig. 286 is rotated, the active-xopdfictors cut the residual lines, 
and a smaU # E.M.F. is*ther<to)**:t up within the winding of the 
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armature, ir the brushes are " down " on the commutator and^ 
a closed circuit is thereby macft, this small E^M.F. sends a feeble 
current through the magnetizing coils ; the ampere^tums of the 
latter, although as yet they may be small, still serve to increase 
the number K lines passing through the armature, and these, as 
they are cut by the wires, predutM an increased E.M.F.; the exciting * 
current Vs thereby in Unn increased, and its increase is again followed 
by'a further increase in the flux and.E.M.F. Thus the magnetism 
gradually grows, the mere men's becoming' less' and less as the 
iron of the field-magnet becomes more and more saturated. The 
time taken by the’" huildtnjf i?p" process will vary from a few 
seconds in a small machine In a minute or more in a large magnet, 
but after a short firm* a small increase in the exciting current 
produces very little increase in the flux ; finally, for a given speed 
of rotation the voltage and*exciting current reach a settled state, 
ami the machine will run for any length of time, maintaining its 
own constant flux. Thus the presence of residual flux renders it 
unnecessary to impart to the field magnet aqv initial excitation, 
and the conlinuoiisn urr.uit machine becomes self-exciting by the 
mere rotation of the urinative. One difference, however, between 
(he shunt- and tin* series-machine will be afypar<*nt from-their 
respective diagrams. In lift latter case the external circuit must 
be closed before the process of excitation will begin, since the circuit 
of the field-coils is only completed through the external circuit. 
In the former cast', if an external circuit of very low resistance be 
closed on the brushes, so small a portion of tmi feeble initial current 
will be shunted through the magnet noils that the inahine may fail 
to excite. Hence, in the shunt machine, the excitation is most 
quickly and surely obtained if the external circuit be left open until 
the magnet is thoroughly excited. 

It only remains to remark that even when a machine has just come 
from the workshops, anil is run for the first ♦ink-,,there is usually 
sufficient residual flux in the magnet, due to the effect of the earth's 
magnetic field or of other magnetic bodies tqion it during the process 
of its manufacture, to enable it to excite itself, .The first excitation 
^may, however, require a higher speed than will be subsequently 
necessary, and in c^ses ol large shunt machines, running . at 
slow speeds, separate excitation may have to be resorted to in 
the first instance. 

I 5. J^urgy stoild in the eidted flekL —When once the machine 
is normally excite^, and is running under settled conditions, } ihe 
energy spent in the magnetizing coils is entirely converted into 
heat ; but during the process of creating the magnetic field a certain 
amtunt of energy* is absorbed, which is given back as the field 
demagnetizes. If the circuit cl a series-wound dynamo be opened 
while it is running, the stored-up energy reappears in the form of 
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a spark at the switch : the rapid collapse of the line* of dux which 
circle through Ac turns of the4te1d<oils gentiles a high E.M.F., 
which tends to keep up the strength of the current; gud if the field 
be powerful ami the turns encircling it be numcrutis, the intensity 
of the spark is great. In the case of a shunt-wound dynamo live 
opening of the external circuit doe\ npt interrupt tlie flow of the 
shunt current round the coils ; fhg stored ghergy disc harged at 
the switch is then chiefly that of the external uircuit. Owing, 
however, to the forge manlier of turns inutile shunt* the effect of 
sudrienly breaking tlie magnetising circuit is even more marked 
than in a series machine. T|ms, jf,u person incidentally lifts the 
brushes of a large shunt machine running tunnnn riicnit, the self- 
induced E.M.F. may rise to thousands of vnffs, may damage llif 
i insulation of the machine, and, further, may give perhaps n,fatal 
shock, If the machine In? nmning on a dosed citcuit, «av? of 
incandescent kuiqis, the |terson woukflie less liable to rec eive such 
\severe shock, since the so-called “ cxtra-cuni-nt " is discharged 
through thc # externa] circuit, and causes tin* lamps lo flasli up 
momentarily. In flrdcr, therefore, to hpyf tJie shunt ciicuit ofa 
machine when running', a shunt-breaking switch is necessary, in 
which at the njomeqt of opening a not^indurtivr resistance is closed 
upon the terminals of the* shunt. , 

x | 6. Determination o! thunt-winding. —The application of the 
formulae of Chapter XVI to the design of the field-winding of the 
shunt machine is easy, hot V 9 In? the terminal or exte rnal voltage 
Vlucft the machine is required to give when supplying its full 
external current ; then the difference of potential on the ends of 
the shunt l A £likewise V 9 , and it is only necessary to substitute its 
value for V m in equations (124-5) in order to determine the 
necessary area or diameter of wire. In order further to determine 
thd number vf turns and weight of wire, it*is necessary to know, at 
lca,st approximately, the rate in watts at which energy may be 
expended in the field-coils. 

While, however, the pecessary size of wire is rigidly <|e<ermined ( 
there is, in fact, no hard-and-fast rule for deciding the weight that 
is to be used, and this must be left to the designer's judgment. 
H a large quantity be used, the weight and-cost of the machine’ 
are* increased, while if a smaller quantity be used the heating of 
the field-coils is greater, and the efficiency of the machine is de¬ 
creased. A f further disadvantage ^hich arisen when th* weight 
of copper is reduced is # lhat tyese is a greater difference Vtwecn 
thA resistances o) the shunt whed cold and When hot, owing to 
its rise of temperature being greater; this difference causes a 
difference in th»slftint current for the same terminal voltage, and 
therefore in the ^excitation and trial flux produced, so that when 

1 VakM th«4t « *Vbco*ttt in tirfuit, u will be described in \ 8. . 

• • 
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th* dynamo runs/t a constant speed tlie E.M.F. induced h greater , 
at starting than it is after it ha*«nri for several huftrs continuously ** 
and has attained its final temperature. If ther difference be great, 
it will necessitate an alteration in the speed of rotation in order to 
maintain the yirrect voltage, or it must be corrected by meafis of 
a variable rheostat in Maries ^i|h the shunt. I difference of tempera¬ 
ture is minimized by the wit|<|{'ni4 of the shunt coils in separate 
sextons with intervening air •duct'* through whicirthr air is brought 
into contact Wit It the more heated frntKil parts as m Figs. 280, 
281 ; but, on the other hand, it has to he I*true in mind that, as 
compared with a single coil filling ll\r whole of the !M>bin-length, 
the lesser mini her "Hums and weight i»f wire are always obtains! 
at the excuse of a-slightly lower efficiency. The* settlement of 
the (ate in watts at which energy may In* expended in the shunt 
cniis dq^mh, therefore, upon their allowable healing, and upon 
the efficient v which tin* dvnauio is to have ; from both considera¬ 
tions combined, cxjiericnce enables us to fix upon a preliminary 
estimate from which ihe completed design need differ but little. 
lU practice, (he hiss of energy in the field of a sP.unt machine variis 
from about b-75 \*v cent.,of the output in a I .Ouo-kilnwatt machine, 
1*5 per cent, in a lOOkiluwbtt mac hide, to 7j»r 8 jut cent, in a 
4-kiJow.itl machine Ihe grating question will In- more" I ally 
discussed in Chapter XXI. If it la* settled tiiat H* watts may W 
lost in the field-winding, then H‘ V t - ! t watts, and / $ 
VJ8 nt whence the resistance of the shunt and ils ronqiosition can 
In' at once determined. The preliminary result thus arrived at 
should only require such slight revision as will lead to the winding 
forming' a complete number of layeis. 

| 7. Determination of a eh ant-winding with two hoes of wire - 
As staled in C hapter XVI, $ Iff, there is only one diameter of wire 
which will give a sprrfticd mnnlier of amjHTe-tnrn^ for a giVen 
applied voltage V y at its ends, if the whole of the mil is wound tvith 
wire ol the same gauge. It is r however, often’desiied to make up a 
composite shunt winding out of two sizes of wires. Any size of 
shunt wire can be specially drawn, but for manufacturing reasons 
it is advisable to adhere to certain standard Sizes of wire which 
* are held in stock. Given two sizes, one of which is targur and the 
other smaller than tlfe coivect diameter,they can lie wound in stlch 
proportions as to produce the same magnetizing result as the correct 
intermediate size. ♦ The use uj two gaMf’cs of wire in aeries implied 
w different rate nf heat-generation irf them owinjj to their unequal 
current-density, Info in practice.‘if the two sizes do mil differ greet ly, 
this leads to no disadvantageous result, 

determine the necessary proportions by trial and erro^ is 
usually a somewhat lengthy Unless, and the calrulation may bs 
much shortened by attention to tfce following points; 
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From equatioij (J25) the AT.oi any coil wound with wire 
area «S(|. inches is >» * 

* V'. X tjWMI X a 

, 4 U 02445 >: l M \k 

When two sizes of wiv** are to Ik? employed, lei I he suffixes f, s, c 
indicate ivsjHrrlively the large, s»*.dl # atid coweci suits of wire. 
The current tlm.ugh the*ombiiiatMiii'of wires is , 

. 3 ' v/\ J.om t 4 

jit >. ('*■ 7 j A * 4',\ 

0 02445 ( 1 1 ' 1 * ) 

anil this when multiplied by (/, i 1 1 ) imisKgjfe 

* . V, x MUNI \ , i r 

o t12445 ■ /,./* 

Tty* turns*'/, and 7 , intisl now h* expressed in terms of the number 
nf turns uf either tin* linger nr the smaller wire which will till the 
entire winding sjurOnf sectional au-a .4. fcet tin* larger wire be 
taken and let 7/ be the’number of hin)s,ift it which will till the 
area A. , 4 • 

1 fie true number of Imris of ihe latter wile when a part A g of 
winding spur b tilled wilh the smaller wire in si rad of ihe farmer 
wile is then 


I 


TV. 


.1-In 


1 A 

ajiri the tnu; iKnnber of turns of the smaller win- is 


r, 


■11 rf jr 


where tin and are llu* anas \vbn h oiie min of each of the two 
sizes of wire utilises when insulated and idler taking into act omit 
the interstices between ihe wiles. 

Tty* total turns are therefore * 

'•{' v'iG::.0! 

¥ p • 

or since .1, T t . <i tf and .1 7/ . 

* ■*/; f A' l~) * 

* » . • • m \ a vf 9 

, '4 ■■(£)’l 

' • » • * 

since whatever the conditions of heading, a, is cc </,* where d , j? 

the insulated'‘diameter ti the Virr, 



m 
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Identifying k t , k $ , and k 4 . it is fyund by substitution tlmt 



When the coil is divided into sections so that the* mean length o 
.1 turn in cadi wet ion is the same, and • - l a *■= i M . the equation* 
arc immediately soluble. /Vs- a general rule, it suffices in this taw 
to calculate the relative widths of the sections of the two wires. 
Mr.- the fraction of the net winding length (after deducting any 
radial air-spaces) which the small wire must occupy. 



In this expression the difference* in the squares require to be worked 
out with accuracy. ‘ 


I Jut if one site of wile is wound above the other 


and in the 


previous equations must bu approximately esl imated, as roughly 
indicates! below. Under average conditions of depth* ck\, 


( 4 } With ths intuit tits wound on ihi inudt, 

» !« 

. . fr w . 

u 

o-5h 

ami tirarly right in sir* . 
half tail half in depth . 

1-08 

0-91 

large size pearly right . 

mi 

li-8‘2 

(6) With ths stnoU sits wound on thf ouludt. 
large size nearly right . 

. ihi.i 

117 

half aid half in depth , , . 

. «HH 

108 

10 $ 

small size nearly right . 

x 0*2 


Since, with the tmtup winding length T oc njd v where n is the number 
of layers, the ratio Wwefp the^uimbers of layers of the two size* is 


1 _ th* * \^/' it 

.*•1 !(!<)* # ‘ 


(132) 


Thtfmtiofv) need not necessarily exceed 7-, sinto if the smaller 

V*«/ • , * /• • 

wire is wound inside and will at a certain thickness giv6 the required 
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number or roo^e than the reqivred number of A‘T, the /unction of 
the larger wire at its larger mjatf turn is to reduce the AT, • Hut 
if this is the c^sc and the numerator of the above equuiions becomes 

negative, must exceed — t which makes tlj« denominator 

also negative. When the sizes nre’ltius so nearly commensurate 
with their respective mean turns, flic equ.itlbqs cannot J5e solved 
with sufficient corralnefs on the slide rule, the differencial lx*ing 
<ou small to dctifritiint! accurately* It is therehire best Unwind the 
smaller wire outside, for purposes of calculation, since it is practically 
a matter of indifference which fotirse pjffsued. Under these 


circumstances 


umirtercnce wmen vemrse is ppisviea. l ndor Ibex* 
* always exceeds and ^^excceds whicji 


gives a due to the light values to 
V»d T . 


inerted for*tlie rtitios -y 

*1 


The following simple approximate hjtnm^e have been developed 
by Mr. R. ti. Jakeuian 1 to determine diitctly the winding depths 
of the two sizes of wire w4wn one is ^otihd above 11n- other. 

WJf the lafge sftc is woifhd lir^i 


- 1 4 U-45 


2. If the small size is wound first 


A 


j 10 


<*>-a e 
<h - <*> 


f, a. 


total winding depth and the depth of the 
These firm hike give g< k k 1 results in practice 


where x ami are the 
large size reside lively. 
fo» any size coil, whether round m rirt jugular. 

When the wires as usual arc* not far letnovcd from one another 
inNize, the difft*«ict* are so small that the numbers of turns for a 
given depth of winding can be varied thnmgh a wide range with 
practically little effect <iti the total .1 / whirh the combination yields. 

| 8, Example oL ihunt-winding calculation. To illustrate the 
above, the winding jur the 21'x IT dvnamo of Chapter XVI,• 
as a shunt machine will now be Vorkgd mj in detail. A shunt- 
wound dynamo is almost invariably.furnished with a rheostat or 
resistance in series with tlie magnet winding, Jor the purpose of 
regulating itft voltage ; the*-.oilsof such a rheostat can t>e suif essively 
thrown into or*)ift of th# shunt circuit, and sincofor a given voltage 
at flie brushes the exciting currept can be thereby reduced <*r in¬ 
creased, the voltage of the machine can l>e lowered or raised by 
successive small* steps. It 4 will ^ a^umed in the present* case 

i "A Direct Method of CaJcnlityigjShijrft Field Coils having Two Gauge* of 
Wire,*’ EUctr 21st Nov.^1919. 
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that a shunt rheostat is to be used, so that tiie electrical connections 
of the machine will be as diagrammatical !y shown in Fig. 287, and 

y 

the current in the shunt is /, -■= «r~vr, where H r U the resistance 

* i 

corresponding to the particular contact on which the arm of the 
rheostat rests. Uhder these- circumstances at' full load, and when 
the machine is heated after a prolonged run, it will be advisable 
to retain a small margin of resistance in the rheostat ; in other 
words,’ t,he full voltage ‘t the bruhes wilf nut be rsed to excite 111 ** 
fidd-magnet. It will be remembered from Chapter XVI, § 16, 
that, when once lluvgauge of slrint wire has been elected and the 
coils wound, the ampere-turns arc not increased but rather reduced 
by winding on more turns, while a limit to the removal of turns is 
qujfkly reached through the overheating of the coil which results 
Hut if one ot two steps of resistance m a iheost.it have been held 

in reserve, should it 
Wumc necessary Jt 
make u;> any small 
dvneieney in llie cal¬ 
culated ampere-turns 
or-to cover any ' r -m- 
ation from strictly 
normal corditiuns, t«e 
last steps can be cot 
mil and the voltage 
thereby raised slightly. 
Hut cm (Iic other hand, 

the difference between the terminal voltage at the brushes V 6 , and 
that applied to the terminals of lhe ficld-coits, V x > t.C. the loss of Wilts 
over tlie rheostat at fujl load, or V b - V g . must be kept small, so 
as not to impair appreciably the efficiency of the machine. In the 
present case /therefore, V x will be taken as about'2 J per cent. less 
than V k , or, say, 225 out of the 230 volts at Ihe brushes or terminals 
of the external circuit. 

With the same loss of volts over the armature resistance and 
brushes as in Chapter XVI, §9, the induced E.M.F. must now be 238 
volts, or slightly less^haii lx>fore, since no part*of the Ikld-windiqg is 
in series with the armature ; the mx-csiniry flux is therefore — 

238 X 60 X 10* ‘ 

■ ^*6 35 X 10^ ami the total amperc-tums on the 

436 JC 5UU « • 

four poles to give^his fluxisfwrf Ftg. 274*, AT f X — 4 X 9,500. 

The diameter of the pole being 9$*, the inside diameter of the 
bobbin over the wood strips running axially do^wn the magnet-core, 
af&f the fashion of Fig. 2£0, will be $]'. A depth of winding of 
2\* may be assumed, so that tfte^mgan diameter of central turn 
will be 12|*, and its length = i X 12-325 inches «=* 1-08 yard- 



Flr^ 287.- • Atljus Uhl c rheostat in shunt circuit. 
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L 9-875 + 5 

With the assumed thickness ff winding, r *= - 12; 

n I » (( atJ/i) + 25 

- * 

and Vltf *=* 0*935 — will be about 0-8. As will explained in 

■ i • « 

Chapter XXI, if the coil were closely wound without any ventilating 
channels, a ratio of tobotit 0 5 watt equate inch would give a 
surface rise of temperature of about 45* 1*\, and the ratio of (tie mean 
rise to the surface rise would be, say, 1-72, so that from Chapter 
JCVI, § H>, assuming the temper at ure of,the engine-room* to Ire 
70° F. while the standard temperature of the wire table is 68' F„ 

k » I + 00022 x 79-5 « H75*and J 1-53. 

V V 0-5 

Since each coil has to give 9,500 atuptuedurns, by r<piation (129),* 

95 


Vl-2/.f-f 2If 


1-21 x 1>8 


IS! In 


and with 2J* depth of winding L •• 6 82*. 

The above give* a first idea of the, 
necessary length of coil, and will hold 
good equally in the present Vise whetfthe 
coils are to \m divided up into sections 
with air^ anals between them. The effect 
of this construction will be to reduce the 
value of k ami at the same time to jjicrr.w* 

^lic tfatts |xt Myiare inch lhat may In* 
allowed for # the same surface rise ; thus, 
as in Oiuptcr'XV!, § 16, k may lx* taken 
as*) *16, ami 0-64 waH jxt square inch 
maybe allowed, the gross length of coil 
being reckoned in the cooling surface/' 

It /esults that,*c\vn when two air-canals 
each | # wide are added to divide the <*«il into three sections 
{Fig. 288), its gross length may remain 6-8*. It will b<^ assumed, 
therefore, that the above calculations or the l.nown design of the 
magnetic, circuit, aS in Fig. 266, have led to an axial length of 
pole of 7*3', a surplus of being alkwvd attach end of the coil. 

The several shunt coils, one on each pole, Xre almost invariably 
connected in series, so that by equation (124) 



l*"i u. 2»». 


, • 225 x I.OCH* . 

» “ “38,000 x I08*X life 


4 72 ohms f>cr 1,000 yards, 


and the necessary diameter of the :>hunt wire is by equation 
S * 0*176 


Vi72 


0*6613' 
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u 

v Tlic net winding Length is 7*3 7 1*25 6*05', and each of the 

three sections will he, say, 2-02? L>ng In order to illustrate the 
procedure that would he to]lowed in working oat the details of the 
coils, a winding'with the above single si ze of wire will first bt com¬ 
pleted as follows. The number of turns in a layer of one section will 
202 

lw 7= Strictly lipeiiking, one turn must be deducted 

from this quotient, which gives 19-9 s «r 59*7 per layer of the three 
sections.,. With a <kptli of about ,?-5* there will Lc 28 layers, since 
with allowance for bedding we have liy equation (128) 

0*9 x 28 x 0*41063* =«= 2*43' 

Hie total number of‘urns «>n a complete bobbin will be, therefore, 
28 X, 59-7 1.679, or 6,680 in all on the four bobbins. The mean 

length of a turn ln-ing /, '{9-875 -f- 2-5)ir 388 inches --- 1-08 

yard, tin- total leuglli of wifi* is 7,215 yards, and its resistance at 
68° F. 7*215 x 4*72 - 34 ohms, or when heated 34‘ohms ;* 
1T6-- 30-45 nlims. In order to give a total uf 38,<HH) ampere- 
turns the current be 5 7 amperes, cor esptmdmg to the 

assumed ■ 225 volts, and to a loss of enngy in the shunt winding 
at the rate of 5-7 X 225 - 1.280 watts,/ The i^rimelcr nf the outer 
layer will be (9-875 f- 5)ir 46-6*", and the over-all length 01‘the 
i oil bring 6*81", tin* total fooling surface of the four coils (measured 
:ts in Chapter XV, § 5} will hr 


46 6 x 6*81 *- 318 

2 x 2 5 x 38*8 - m v * 

5i2 X 4 --- say, 2,<XH> sq. indies, 


,280 


As will be explained inChaplei XXI, the ratio -- = 0*64 wait |*>r 


square inch will, in UiV present type of constructs n with well 
ventilated coils, give a surface rise of temperature of about 48° JF., 
or sufficiently near to our assumed amount. The design may 
therefore be proceeded with, since the assumed depth of winding 
tallies witK the requirements in regard to heating. 

It will next be assumed that for manufacturing reasons we are 
'limited to No. 14 Sfc.W.tr. <■-- 0-080" diameter, and a size inter¬ 
mediate between Nos* 14 ;ud 13', say *085' diameter. The diameter 
of the double-cot ton-covered ■ wire with 15 mils insulation will be 


in the two cases 0*095' and 0*100', .Substituting these values irt 
equation (131), y 9 is 0 7, and in view rtf tfie small difference between 
the wires, tjiere will be but little effect if its proportion of the tStal 
length of the winding is reduced- to two-thirds. Three sections of 
equiaxial length have a good appearance, and it will then be feasible 
to avoid having to change the wire during the winding of a section, 
the whole of the central section afc>iw requiring* to be wound with 
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the larger wire. In the two kinds of section 4he!re will then 4 jc, 
11 . 24)2 • >02 

respectively 21 2 and ^^^20*2 turns^ per layer, or 

m<ye* accurately with one turn deducted 20-2 and 19*2 turns. 
In order to bring the ends of the sections together for soldering 
and the ends of th£ bobbin as a wh<4c away from the end flanges, 
it is with three sections advantageous to have an even number 
of layers in the upjxT and lower sections and an* uneven jnimlier 
♦ of layers in the central section The htwl winding wit 1 therefore 
he arrange with the two end sections each of 28 layers of 0*080', 
and a depth in each of 2-4*. -’life central, Section will In* given 
27 layers of 0*085', with a depth of 2*4cP\ The mean length of a 
turn will Ik: lightly less than in the preliminary calculation, <w* 
say, l t 1072 yard. In tabular farm we thus have — 


No. of 
Tunis. | 


28 lavrmof 0 0H0 . 

M6 

607 


27 „ tt-08.4 . 

518 • 

-- 

556 

28 .. Ci-(l8o # . 


607 

— 

IVr Uitibiu . 

1850 

1214 

556 

la -1 U>l>hmx 

l>«K) 

4856 

2224 

i prr I.Oiki vanb . 


4-m 

4 32 

JVsi stance . * i 

“ 

23-7 

9*7 



33-4 ohms. 


* « 

• Tile corseted cooling surface shows so slight a reduction (h it the 
temperature tfill remain practically llie same as first calculated, and 
tljc difference in the rate at which energy is lost in the central as 
compared i&ith the outer sections will not be sufficient to demand 
any further adjustment. • 

The total resistance of 1 he four bobbins when hoi will therefore be 
33-4 X 116 38*8 olyns. and the required simpeTM tyits will be# 

obtained with an exciting current of 5*75 ;i injures. The exciting * 
voltage will Mien lx* 223*I, which falls within our assumed limit, and 
the loss of energy in the shunt co\]s s.t the rate of 1,280 watts will 
be 1*6 per cent, of the output, with a total*loss in Jhe shunt and 
rheostat combined at the rate of 1.320 u-atts, or 1*65 per cent, of 
*the output#of 80 kilowattThe weight of *ire will W* 283 lb. 
o^0-0e0' and J45 lb ot*MJ8& cv 428 lb, on the^wholc niantine. 

| 9. External characteristic carnal ihont machine. a dynamo 
be ran at a constant speed, and the resistance of its external 
circuit be varied sd as to al*er the value of the external current, the 
curve connecting simultaneous fWoe* of the terminal voltage, V t , 

and the ejctrsnal (furrent, a given speed of rotatiop is knopn 

• ♦ • 
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as 'the external characteristic of the nrachine for that speed ; since 
from it the behaviour.of the maclune under varying condition^ of 
toad can be graphically studied. If a rheostat h employed in 
conjunction with the field circuit, its resistance is assumed to be 
maintained constant, as well as the speed. The amperes of such a 
curve are usually plotted horizontally as abscissae with the corre¬ 
sponding ’trolls as vertical ordinates. The two may either be 
obtained by diftet measurement, voltmeter and ammeter being 
read off simultaneously, (*» the curve may bo derived from the flux 
curves of the machine. In the case of a duint-wound machine 

Vito, 


. v. 



Flo, 28$.—Charactrrisitic curve of shunt ►wound djiuuno. 


the curve ^ external voltage and current will be found to take 
the characteristic form shown in Fig. 289. OLKD. The manner 
in which it may be derived from the flux-curves has- now to be 
explained, and first it’.vill be-necessary to consider the process by 
which the three nines of rig. 274 may l>o determined by direct 
experiment on a shunt-wound'dynamo. 

From equation (-Mrt) it folloivs th;rt for a constant speed is 
always proportional to <P r the nun*erya) relation ^ct,ween the two 
depending upon th$*nature of tKc winding and number of active 
conductors. In a sluipt dynamo */, — J, + 7 f ; and £‘, = V t -j“ 
where R t is the resist a nc* of the *brpslies ; whence 
<J>« oc V\ + I 9 {R 9 4 - /?>). lf*t^rrfi>re. F*be observed for different 
e^jtations^ the flux can be thenfc deduced. The atnpere-tnnjs 
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. y 

on the lield’tTiAgnet an* .17,4= L x 7* r I, 'u 'rw »niv fit* 

obtained by treasuring the voltage at the brushes and dividing 1 it 
by^thc resistance of the shunt and jhcosta^; hut for greater 
accuracy it is preferable to measure it directly by an ammeter* 
since the resistance df the shunt is continually altering if the machine 
is in process of warming up during 'tic tests. • 

When the* external circuit isojn n. the only cun cflt flowing is that 
•through the slm.it, As a rule* Jhis is so »ma11 that IJt % becomes 
negligible, and \\ am! f., are almost identical. It, Iheicfore, the 
armature be run at different speak, and a s*rtv* ol simultaneous 
readings of the speed, the voltage at ihfl brushes and the sluint 
current lie taken, a curve can be plotted fidm the leadings \vhi«Jj 
will connect <l> # and A T ,; the ariiv.ture ampere tin its dm: to the 
shunt current alone being vety smay, then mfltu-ii< .< on the held 
may practically be neglected. and the curve thus obtained is the 
highest or “ no current " cmve of flux of Fig. 274. Owing to the 
small aim Hint of residual magiielisiu \^Jiii h pisisfs in the machine 
evt-n when not oxcncd^lhe flux-cuiw as lhu> piaciit ally determined 
does not descend strictlv Jo zero ; ^ut*lo\\,Hd> the origin curves 
rnvixd slighth , and ends a little above zero (cp. Fig, 298); there is 
further a small difference in the cmves aouidin h as the. leadings 
Jre taken with the excitation progressively inn easing or pro¬ 
gressively decreasing. To obtain the lower curves of flux f<u cither * 
m " hajf-current ** or " full-current,” the same readings must In* taken 
as for tlii- " nn-cnrrci.t " cum*; hut between the reading* at jc;u li 
different specrl the resistance of llie external cin uit must be altered, 
*so that whfti the measurements are made for either cm ve, the current 
tflnmgli the armature \! a I, -f- /,) has the constant value icquired. 
The loss of ^ volts over the resistant e of yie an nature and brushes 
must now be added to the. terminal voltage to obtain /i € . 

4 • y • 

Since 7’ (1 the Jkibnii.d difference applied to iho 


tertninals of the whole slmnl-riicuil, or \ 


A\ J A> 


is qc AT, 


K. 

when R, and R r ;wc constant, as the tea* when a machine 
life been nmning for some time ana( h;*» altainerl a steady 
temperature, and further, when tie position of the contact-arm 
•of the silent rlieostal is jiot altered. If, tl*.r<fute, we possess 
the flux curves of Fi^. *11 A* tl^-se ran l>e converted iiAu curves 
ctftmecting armature E.M.F. <tod ex< iling^ voltaic {or more 
R A' R »* * 9 

strictly V B X if a rheostat is present in the shunt 

• A* ■ • 

circuit), when Sbme fixed speed A* a^umed. The fulWine curves 
of Fig. 290* shofc curte* of Fig. 274, thus converted # yn 
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the assumption that in our dyn^no the number ot armature 
conductors is 450, tty number of .ihunt-turns I,6fi0 per bobbin, 
the total resistance of the 4 bobbins 38-8ohms, and that the constant 
speed of rotation is to be 500 revs, per minute. From the design 
of | 8, the rh«>’stat must be given a resistance of 12 ohms at full 
load, so that the combined fesistance of shun*, and rheostat is 40 
ohms, at which it is to be maintained throughout, The armature 



A X pit poW 

Fid. 1290. Conslrm tion for deriving external characteristic nt 

shimt wound dynamo. u 

• 500 * 

E.M.F. is thus ££~ M» . ~ X 10^ = X 37*5 X 1 Q* 

and when the exciting voltage on the terminals of the shunt alone 
is Y m the rwrvspflftdtng voltage on tha terminals of tty shunt and' 
* /? + J? an * 

rheostat is V m x x ~— r — The lo<6 bf volts o>er 

t 00*0 

the armature when w^rrn at half-load is 3, and at full load 6 volts ; 

and,to each of these lias to ty added the losS <^er the brushes 

which with hard carbon as t bei^nfeieriaJ may be taken as a constant 

ajnount 2 volts. Curve 1 coniuft.1l £, or V % ' which has nearly 









the value, with V m . I 
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0 , Curve 2 connect* 
£i qn<l V*, r when I m has the value .4 t ( 181 amperes), 

and curve 4 connects l\ and V a . r wh.*n 1 9 - J t { 856 

amperes). From curve 2 is obtained the (lotted hirer- 3, connecting 
R J R ■ * * 

F* and V t . ~“rr— f * when /„ A .4 a amperes bv deducting from 

K t 

the ordinates of cprvo 2 theJnSuti volts mVr the brushes and 
armature resistance ; the vertical distant? lu^wccn curves 2 and 
3 is thus throughout equal to .-I, (A* a \ h\) * 5 volts. Similarly 
from curve 4 is derived the chain-d.M led miw 5, connecting \\ 

R R * 

and V 9 . when /, J t , I lie vertical distance I n’t wren the 

* “i 

ttoo curves l>etng then 8 volts. 

Now, sinct* in a shunt-wound uu'hofc: Y\ is the same 4 * 

/? -f - A* * * 

V M . ------ r , those jxiints on curve 5 (-well as L or A) lui which 

a, • 9 

the ordinate F* =- the abscissa V, . ’ ~ - an* the only values of 

voltage whicji ibo machine would give when run at Hie fixed speed 
with . 1 , amperes flowing through the armature; and in general 

those points on £ny curve Connecting \\ and V 9 . * J - t for 

which ordinate and abscissa are equal, give the only possible values 
of #hc terminal toll age 5>t the particular aneiat lire current, 1 elud¬ 
ing the shunt current from the total armaturecurrent, we obtain the 
• t * 2 ») volts . ^ f 

external current ; thus at point A', /. - 7 -—ft-75, /- =* 

nearly 355-75 amperes, and therefore /, - 350 and V 9 230 arc 
simultaneous values ot external current and terming voltage. • 
All Such points are necessarily passed through by the straight line 
0H t which is^Jrawn at an angle of 45° fji m the axis of abscissae, # 
as K and L, A* and .V, I) and Q ; and after deduction for the 
shunt current these may be plotted as pifrt of ihe external charac¬ 
teristic, as shown by the corresponding letters in the full-line curve 
of Fig. 289.* As the current is increased, the hto points |t which 
th^F* curve iatc'secls tfie diagerfud draw together, and the maxi* 
mutfi current i.s that given by the V* curve, which is just touched 
byjine OH as a tangent. • 

| 10. DeducfrJnj trots chui dtffafo <* shunt djnsmd.—It 

will be seen frwn Fig. 289 tliatjo^tnc^hunt-wound dyn*roo running 
at any one fixed speed rfhere is a maximum value for tjia external # 
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' current which it can give. Omn* to the heat which would l* 
generated in the armature winding by a long-continued passage oi 
this maximun^cwrent it may be, and usually is, impossible to work 
the machine at the point "'of maximum current; the maximum 
current, in facf, is usually more than double the working current. 
Apart, however, from the question of the heat damaging the winding, 
it if for another reason inadvisable to work clrsc to this point. 
Alter rounding the point of maximum current the characteristic 
curve descends very rapidly, and almost in a straight line to the 
f»rigin. Thus in the diagram {Fig. 289) the part OQ is practically 
a straight line, and this implied that for an external resistance 
OR volts 

thu terminal voltage may have any value between 

OR amperes 

zerd and 0S t volts, the external current correspondingly varying 
between Zero and OR amj>ertfs ; apjKirently, therefore, the machine 
might give widely different voltages although running av exactly 
the same sjH-ed on the same external resistance. But in reality 
the flux oi the held is*tlicit unstable owing to the voltage on the 
shunt not being sull'iden't to magnetize thr iron projierly ; hence 
if, when working near the poial of maximum current L the resistance 
of the external current Incomes lowered to a value below tharwhtch 
corresponds to the maximum current, the machine loses its magnet¬ 
ism altogether, and the voltage runs down to zero. Tile practical 
importance of this is that if a shunt-wound machine he accidentally 
short-circuited when at work, or. in other words, if R § is reduced 
almost to -- 0, the armature winding is not burnt up by the con¬ 
tinued passage of an almonnally large current ; thrf (nachine, on 
the other hand, becomes demagnetized and gives no current, 
nltliongh the driving engine may be running at a speed higher than 
the normal. 1 Neither vill a shunt-wound machine-excite if an 
external circuit of abnormally low resistance lx? dosed on it, so 
that it is unharmed if, when running alone, it* terminals are short- 
circuited through an accidental misconnection of its leads. For every 
value of flu* external current except the maximum there are, two 
values of the external voltage, and which of the two,voltages is ob¬ 
tained de|H-nds entirely upoq the resistance of «thc external circuit; 
this latter is equal to YJlp or the slope of the line to any point, on 
the curve, i.c. to the tangent of (lie angle made by OP with the 
horizontal axis muUiplicd by the ratfc) of the scales to which volts 
and amperes are plotted, or simply iu fan a when V t and I $ are 
plotted to Ijie same scale. The'slope of the full-line curve bet^teen 
L arid 0 marks tftc critical tesisfarxe of the external circuit for a 
spe^t °* revolutions per minute ; M this value the magnetism 

1 Occasionally a complete sllorfrcfrcuit of a shunt dytumo will, through 
certain secondary reactions, end in magfbtiring it* field slightly In the reverse 
ffivctton, so that, when again self-excited, its polarity Is reverted 
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is unstable, and at any loweifvalue tltc* machine \tajl fail to cxdlc 
or’ihaintain its excitation. • • # 

For each constant speed the same shunt-woundjriynamo gives a 
different external characteristic. Thu# in Fig # 289 the dotted curve 
shows the external characteristic o( the same dynamo at a constant 
speed 0 / 555 re volitions jxrr mi'iuf^instead of 500, and it will lx* 
seen that at thejicw t»p*?d the nuvinmm current is increased. The 
higher the spi^d t)u: less is the slope of the i!cs<t*gding Inurith of 
• the curve ; or, .n other words,•the smaller is the critical resistance 


which the externa) circuit may have, without the dynamo losing its 
magnetism. * * * • 

111. Instability ot magnetism,— In>fdo\>ty of the magnetism 
requires to 1x k carefully guarded against in I fir design nf sclf-cxciting 


dynamos. Figs. 289 and 
290 show that the un- 
si able .portion id the 
'curve between L and O 
occurs when ihe flux 
lulls on the initial^rajght 
portions of the curves in. 
ftp** 274, when* the 
ampere-turns over the 
•air-gaps form almost Ihe 
whole of tlic excitation ; 
hefycc if the machine is 
designed so Hiut tin- 
working number of lines 
falls on tf!e lower pari of 
ftie flux curve whole it 



descends rapidly towards ^ 

the origin; the magnetism of ihe machine us a srlf-ixrhing 
dynamo wil!*bv testable. Even if tlie field huhf it> magnetism, 
a very slight variation of the speed will <ffuse a large variation in 
the voltage—a result* whirls is alwiiVs undcsiiaMe, a yd os|H*ci;dl^ 
so if the machineJ)e feeding lumps dire 1 ly. thus in the case of a 
shunt-wouiftl machine, suppc.se that its s|K*ed is raised dightly, tjje 
increased E.M.F. causes an incisal in tljb current through the 
shunt, whichVill again increase ihe flux and the h.M.l"and the 
lower down the curve ot magnetization ilial the machine is worked, 
the greatef is the effect *fany variation in lift shunt etyrent upon 
Ule E.M.F., owing to fhe mJgrifct.bemg loss saturated. 

‘A measure of the percentage variation iu the vritagt which 
follows from a certain percentage variation in the speed may he 
obtained by ^he following construction. 1 Let 00 {Fj$? 291) 
be a portion* of the flux cjiftc Antaining the working print 
1 Cp. Povtukr and Vftmperia, Engineering 3rd May, 1901.. 
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corresponding to d> lines at which i* is desired to investigate th< 
effect ol change of speed. The sameturve with a different scale of 
ordinates wiR also represent the voltage, or ^V<&, where k 

is a constant converting lines of flux into volts at the speed of N 
revs, per minute. At the point <D draw a tangent to the curve; 
let it cut the vertical axis at snaking an angle a with the horizontal. 
'Hie equation to the tangent line is 4> -a ^ A\tan a ; and in 
the shunt machine the excitation is practically proportional to the 
armature voltage, or X c£ a . where c is some con.tant depending 
upon the field winding. For a very small alteration of the voltage 
the working |>oin 1 may be taken as moving up or down the tangent, 
and for a very small Miration of the speed k may l« assumed 
constant. Hence /i« — h c/: ft tan a). Differentiating with 

’respect to the s]H:ed, the rate of change of the voltage when the 
sjxecf liegins ti t. alter is * 



whence ^ I - fc.V Ian k (^, f c/: € ian a) ■ = k$ 

Since <j> v f- ki\ Y<[> tan a, we have 0 (I - kc.\ tan a) --- ' 

<4. 

or (I - kcX tan a) -- j=p J 


1herc(prc 


di; a 

iv 


& 


•ot 


(138) 


« .v . 

Multiplying both sides by —, and substituting for 7l 4 on the 
‘ * * 

right-hand side, 

<Ul- € S_ I O 2 * 

. rf:V X F a f 

«. ' ' 

/ig fractional change of voltage <b» 

S’V fractional change of speed " ’ * 

• ^ ... 

The percentage change oi the voltage corresponding to a given 
percentage change of the speech is thus directly given by the ratio 
and tills must not be allowed to except a certain lifting value 
if instability of the voltage is to be^v$mled. t It caji gnlv be unity 
if the machinal is sejftirately excited. Fig, 291 illustrates the case 
o( the^l' X U* dynamo which bus been above considered when 
giving 320 volt* 00 open circuit at a no-lo^d speed bf f 15 revolutions 

. . ,1 /, t . 220-X 60 X 10» 

per minute ; the mix require*? is ^h^n <P, — • « 
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, 57 X 10* C.G^- lines, and il been designed to \lurk on a fairly, 
stafrfe part of the curve 50 as A> ?!e satisfactory under these condi¬ 
tions which would have to be met in pract ice. The ratio 4>; fa =* 204, 
amj a 1 per cent, variation of the sp<W impjies'a 24)4 per cent, 
variation of the voltage. As tile working point approaches the origin, 
the ratic^^'^j rises,*and in practux*. in order to avoid instability, 
should not exceed 3, s«i that tM? Jiangc oh the voltage* Irecomes 
3 per cent. for ^ l |>or cent, variation of sjiml. 1 ’Asfejlt U» explained 



262 , 


later, it is especially In over-eoinjkiUruled tknamos tffat the safe* 
limit is likelydo 1>£ approached in regard io the open-circuit voltage 
given by the shunt*'winding. Aw'jn.ifl<iv>f fact, Ihe change df 
voltage for any change «i speed is in a eerlaln extent held in check 
by the hysteresis, which assists in ‘Maintaining the stability of the 
magnetisn^; but the determinating »f the rati# tyfa affords a very 
useful warning the (Jcsign^r \tfhen in doubt as to the lowest point 

oh the flux-curve at which it is sdfe to work. • m 

A further disastrous conseqi^nce of designing a shunt Avound 
1 Cp. Bouchc^t \Tra*s. /f/erw. Flft. Congress, St. Imu* I Mi* yd. I t 

O 669) who calls the ratio U-«* kinetic variation of voltage, and 

r • • 1*1 & 

recommends that its valge should Ge limited to 2. * • m 
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. machine to work r>n the initial straight portion of the flux-curve 
that, even when the external circuit » open and the machine is rn 
very nearly aMhe normal speed 1 <jt which it is designed, it may b 
difficult to reach the proper excitation- When the flux curve i 
converted intd a voltage curve, the diagonal must not fall too nea 
, its initial part. As already‘skated, the no-current flux-curve 
owing to the presence of resktaal magnetism, really ends at sonn 
point on the,vertical axis slightly above the origin. If now s 
number of voltage curved similar te those of Fig. 2J0 are plotted foi 
several speeds, (lie points at which they cut tlie diagonal {Fig. 292) 
give the voltages for the different speeds, and these when plotted 
as in Fig. 293 show tkat there is a trivial speed at which the voltage 
, mpidly rises. Below tins the effect is almost entirely due to the 
residual magnetism, and as in'practice this is very small it has Ihi*h 
exaggerated in tlie diagram in order 
to render the matter dcuri*:\ If tlie 
dynamo is run up to its full speed 
before the circuit of ihc shunt is 
dosed, then on dosing tlie latter 
(and negLuting the secondary effects 
from sdf-induc lion) the .isiog 
voltage follows the iipjJcr curve of 
Fig. 292; the voltage at the 
brushes is initially higher than that 
corresponding to tlie required exc it a-, 
lion, and up to a certain point the 
surplus ampere-turns continue to 
increase, after wiiidi they decrease until a condition of stable equili¬ 
brium is reached at P. If the dynamo run up to full speed with 
the shunt dosed, the voyage follows the diagonal line, and a rapid 
increase is obtained when the speed reaches the crucial value which 
in our 21'X 11' dynamo as a slmnt-wouqd n^chine is about 



Fig. 29*. 


27(1 revolutions per minute. This crucial speed is determined by 
tlie air-lin«i and is easily calculated from the flux-curve as follows. 

In tlie shunt machine the ampere-turns are themselves dependent 
ypon the voltage at the brushes which is nearly proportional to 
the flux at any given Vpeed. 1 Hence A T, oc flux x speed, or sptjd 
AT V 

oc j--*. In Fig. 294, if 0 be the working point at no-load with the, 


designed speed N lP 



/ * * 

4tShe'cruci*d speed the ampefe- 


, i f 

turns are practically proportional 4o tlie air-gap reluctance, and the 
ratiq qf the two is given by any point qn the aiiMi$e, and therefore 

by point fa. Hence N^nc afldt^r ^r. ‘In otir case from 
H i rt •' 
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the characterise curve of Fj^ 287 the open-circuit E M.F, at 500 
revolutions per minute is 245 *g|ts, corresponding to $-54 X 

» V 6*54 * 

to*, so that, shown in Fig. 294, ^ ~ — "^54 In other 

• '♦I *v 

, *> •• 

words, the crucial speed ^ S l ..-5 is approximately 500 X 0-54 
* W 

^ 270 revolutions per minute. • 

The crucial.speed is> in 'act, immediately defiyable front the 
•constructional (fata ol the machine as follow*, On o\* 4 \ external 



circuit at*t|je normal speed the annul (in: induced E.M.Iv is li 0 

• ^ N 

+ H t j R r } t and is also — X <t> fl X Z '< gj X 10**, whence 

*,v,~r* + «*+«* * ‘ ,o ' * t. Th , rttltlired 

over the single air-&q> of one magnetic circuit is equal to the product 

A7 

of flux X air-gap reluctance, the latter being — 7 ,so thaj the ampere 

♦ <ig , 

• K / 

turns of aif^ap excitation are equal to ibe flux X r™-. Heiyc.c 

# # • r 

for the particular flux <f t they arc 0*8 Rl f . and this is also equal 

to /iTj, where T t is number of shunt-turns ir^ a bobbin 
gorges poo ding Jo one^wle. • The crucial speed is thus 

0*8 K , K $ + K r ) X fiix 10* ■ # • 

• W V7 . a* 9 .T a ? ■ " ' * a 


In our case p*= a, and -f 3ft Hr « 0 02 + 38*8 + t-2* £ 40*02 
ohms. andT, *=M,65f); as»*ii/Chaptcr XVI, § 9, the constant by 

* * * *■ •* . 
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wfckh the flux irnjst be muitipliecLin order to give the ampere 

turns of air-gap excitation is ^ 

y *, . 838 

"(MXKB^and - 

„ 83,0fj0 x 40 02 x 60 ^ , . 

* 450 X 1650 ' ~ 270 revolutions per mmyte. 


It is evident from Ftg. 292 that the crucial speed is that for which 
u > R R 1 

the curved V k \n relation to V m . (assuming that there is 

K i 


no residual magnetism and that Ai no-current flux curve descended 
strictly in the origin)*.would be a tangent to the diagonal at the 
origin. For self-excitation to commence there must he some 
residual magnetism, hut in ord f T to reach the true self-excitation 
that is Required the condition Nj > A r 0 must hold. Failure to 
excite in this sense is seldom to U; feared in practice with any but 
very small machines, cxcv pt in the cast* of electroplating and similar 
dynamos of very low voltage. Yet even if Setf-t'xrilatiofttakes place 
it is always jmpoitunt, as has been already pmpnasized, to avoid 
instability of the magnetism and In design the machine so that it 
attains a definite and high degree of magnetism vhen self-exciting 
on the ^liunt winding. It nu:sl therefore be worked fairly high 
up on llic curves of flux, and in Fig. 274 the best portions whereon 
in work fall within tin? horizontal lines marking 5} and'BJ million 
lines respectively. These portions uuy be said to lie on the bend 
or knee of the curve, but it must be renumbered that the apparent 
position of this tieud dermis largely on the relative sci»le to which 
lines and ampere-turns are plotted, Another advantage of working 
high up the curve is that the difference of the ampere-turns of the 
shunt when hot and when cold then produces but small effect upon 
the flux and E.M.R of thcWehine, since the magnet is' well satu¬ 
rated. Also, the vertical distance between the nu-cjjrent and full- 
current curves decreases as the total flux is increased, so that the 
carintion in t 'he voltage of the machine between full-load and no- 
load is small when the magnet is strongly excitgd. If. however, 
thp working flux-density k taken too high, a large amount of copper 
will be required on the odd, and i/ for any reason the actual curv^ 
comes below the pretfeteriftined curve, it may be practically 
impossible to rewind the magnet so as to obtain a greater flux, 
so that car^ must be exercised not ( to exceed the due limit in 

this direction. 1 , „ ' * * * ' 

| l&VaU of volts to than t-wound dynamo, and its regulation.— 
It will already be apparent that miAh information can be obtained* 
from th« shape of the characteristic curvu of the dykimo; in the 
1 Cp. Miles Walker, Tkt Diognlhii Vf Tntibhs in Ekctricqt Makings, 
pp.Jttandm ' ‘ * ‘ 
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case of a shunj-wound dynamo run at a constant speed, we see tHhb 
itsItf.M.F. is highest when thelxfernal circuit is open, and tire only 
current flowing is tfiat through the shunt. When thtexternal circuit 
is closed, and the armature current is welled by the addition of an 
external current, not only docs the loss of volts overt)* resistance of 
the armature progressively inefe^ as tin* armature current 
1 increases, but t,h t demagnetizing* effect of any back'armature 
ampere-turns ytcreases.^ Hence not only does the'qxrilin^ volt age 
•at the brushes ofltltc dynamo falMnit the flux due lo a giv»n number 
of shunt ampere-turns is decreased. Owing, therefore, to I tie 
combined effect o^the two cause*? iTiunel^, the increase of any hack 
ampere-turns, A 7V and the loss of volts over Wj, A\, die character 

istic gradually falls throughout the eritir** working range of lib* 
t lyna mo. If. however, t he a r mat lire be < if low rv>isl a nee, t J ie dr*p i n 
volts lor any current within the working range will beliul small, and 
cometjUgntlv the shunt-wound dynamo may in such case's be 
practically regarded as giving a nearly constant voltage when run 
at a constant speed. # * 

The shunt*-wound dyn<\mo of Fig. 289 1ms been above designed to 
work high up on the fln«c<'urvc of » wVll sal mated field-magnet, 
s*tbat it affords a good example of the regulation which may be 
obtained under favourable condition* with simple shunt winding. 1 
By " regulation " in the present connection is mulcrslood ihc degree 
in which ifhder different loads the mad line approximates to a 
constant voltage* at the terminals when run at its normal speed and 
without alteration of the itieoslat inserted in the shunt-circuit ; 
»,f. it is the rise of volts when the full load is switched off expressed 
'as a percent a£t* of the full-load volt a. From Fig. 289 it is vrn 
tftat if the rheostat resistance is adjusted to give 230 terminal volts 
full-load-and at the normal speed of flfgJ revolutions per minute, 
the switching off of the full-load with the speed maintained constant 
w41l cause the \t*hsJo rise to 245—-an increase of tij jht cent. In 
practice this rise of volts is magnified by the difference liclwn-n 
the no-load and full-lead sj>ccds as fixed by the governor of the * 
prime mover. Wfcon a dynatnu is driven by an engine and forms 
the whole of a considerable portion of the load on the engine, lb® 
grater the output the slower wall tie^ thejspecd of the engine, 
even though It is governed for an approximately constant speed. 
•This difference of| speed between fuil- and no-load in an ordinary 
engine varies, but usually fanges with a good governor from 3 to 
4 per cent, of the no-kml speM • Jts effect is cumulative, since not 
onfy does removal of the full Joad cause the E.M.F. td rise fw the 
s%me flux, but th$ excitation is tliercby increased, which again 
causes a furthe/rise of volts. Sinee any such rise of volts is*detri¬ 
mental to thf goo^ working of v^ranfl station or other installation 
1 Cp. Mile* Walker, f<x*V U., pp. 248 268, ( * ** * 
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ofenotors and tamps, the shunt machine is almost invariably suppHe< 
with a rheostat of suijteient range td enable the terminal voltsmof 
only to be kept constant but even to be reduced at light loads. The 
least favourable conditions requiring the highest resistance in the 
rheostat will <v:ur wtien the machine is working at no-load and 
before it has become in any. way heated by prolonged running. 
Thus in the case of the 21* X 11* dynamo above considered the 
necessary resistance which the rheostat must provide is to be 
calculated, as follows. On the assumption that is to give the 
reduced voltage of 220 at no-load, at a speed of 515 revolutions per 
minute, or 3 per cent, uIhjvc tTii. full hud s|>ecd to allow for the 
governor range, a flutf of 5-7 X 10 1 lines per magnetic circuit will 
J suffice, and from Pig. '±]\ inis is obtained with 5,800 ainprrc-lurns 
per pule, or with a shunt current of 3 42 amperes, The resistance 
of the shunt «whrn cuhl being 32 76 ohms, -f /? f ) =*• 3-42 
(32-76 4- K r ) = 220, whence H r « 31-74, say 32 ohms, wljich will 
be divided up between a number of intermediate steps prnjx>r lion ate 
to'tile degree of fineness which is required in the regulation, and 
with a current-carrying > rapacity tapering approximately from 
6 to 3*4 amjHTes. (t 

While the rise of volts on switching llu; full ‘:>ad i_ff varie^iq a 
slumt-found machine from 7 to 2tJ per cent., it is evident that the 
fall of volts on switching the foil-load on is with the sgmc initial 
volts in the two cast's considerably greater. Indeed, it-may result 
in the machine becoming almost demagnetized, owing to the resis¬ 
tance of the shunt circuit with its rlvuudat fully,inserted hearing 
a high ratio to the resistance of the external circuit, and owing to 
ttie. loss of volts over the armature resistance, and brushes with the 
full current. ' * 

f 13. Ums ot ihunUwound dynamo*.—Large continuous-current 
dynamos for central-station work, which supply current at 220 or 
550 volts to a network of mains, arc often slnjm-wound. The 
voltage at the station end of the feeders to tile network is in such 
cases cotiv*nicntly regulated by means of rheostats. For the direct 
lighting of incandescent lamps in smaller installations, shunt-wotmd 
dynamos are not so suitable, owing to the necessity-for constant 
attendance in order to regulate their E.M.F. according to the load, 
if a constant voltage is to nc maintained on the lamps. They afre, 
however, frequently used in conjunction with accumulators, and t 
insuchc^<cs, by means of a supplementary resistance in the shunt, 
they are arranged to charge accumUators during the day up^to 
a bout, 130 volts, and at night to* work in parallel with the battery, 
lighting incandescent lamps at 100 volts, the speed under the two 
conditions being maintained at pearly the same 4 v$ue. 

For the electro-deposition* o( metals, shunt-wound dynamos are 
employed; for a single electrolytic-btth with ift leads only some 

i ' c v 
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fofjr or fivc«'olti are requii£d^ but several baths are commonly 
worked in series a correspondingly highemoltage. For charging • 
accumulator, and for electrolytic or electronjt*alforgical work, 
shunt-winding is alone suitable; if*the voltage of the dynamo 
becomes less than the E.M.F. of the cells, or the cdFrent through'the 
electrolytic baths becomes revarsetf through polariration at their- 
electrodes, thc*direcliun of the Ainvnt rt/lisvl the shunt rt^nuins 
unchanged, although 4 lie current through the armature will In* 
reversed. The*result is that We machihe runs as a nUdor in the 
same direction as it did when acting as a generator, and therefore 
opposes a back K.M.lv to flio tJscliarg^ fryfri the cells ; this back 
E.M.F. prevents the flow of a large tyirrcyf which might hurn’up 
the armature and aLso injure the cells., • * - 

• At high voltages the necessary dhupetet c*f wire for a slytiitnvind- 
ing on a small machine becomes very small, and fine*wire is not only 
m expensive in itself, but the lime and 1 rouble of winding the great * 
length of it which is required become very considerable. Hence 
the maxinflmi voltage for a small machine which has all or most of 
its excitation provided by a shunt-ciituit may be set at about 
500 volts, but in large generators oft say, 400 kilowatts output Ibis 
Tnaj be raiid tcf2,250 volts. 


• } 14. Determination of series winding.Scr«.*vwmdiiig, although common 

in motors, in but seldom met with m dy 114111 oh ; yvt for piirjniNe* ofcom]>anso* 
with shunt-winding will be instructive to work out the detail* of a series 

winding, it* necessary size of wire aiul its disposition. rs]x*ciiilly as many of 
the practical conv<ler?|io»s ti^nby brought to light will lie found equally 
applicable to the compound-wound dynamo that lues later t«» l«* discussed. 

Assumiite,«thcR, that it 1 * desired to convert our 21' v 11' dynamo into 
a serics-wund machine without alteration of the armainre, and that the 
^terminal voltage is stil)»t'> remain 23D at full load, an addition must lie made 
to the armature induced li M K in <*rd«T to mwr the Joss of volts over the * 
series wmdhig. With the same dimensions id pile as in $ N, we know that 
a suitable tenth of coil and satisfactory healing londitions will Is* attained 
jl wc allow a less of about 1,2)411 watts over the field-winding. The full arma¬ 
ture current non 4 becomes available externally, but as this differs so slightly 
from 350 amperes the latter figure will N- again taken, so that thc< external 
volts and amperes forming the output will remain unaltered. The voltags 
1 . . t . , I.2W watts* 

expended over the .senes-wind me must therefore not exceed - c - % --- 

1 ^ • *»1) amperes 

■» 3*65 volts, nr 1*6 ^cr cent of the tmmnal volts. When this is ;ubled#to 
the loss of 5-9 volts over the armature trsutanJU and thu constant loss of 
fbout 2 volts wver the brushes, £ a must Wjw Ih 241*55, and at the same 
full load speed of 500 revolutions p< minute the required flux will be 

6-43 x I O’, which will torn Fig. 274 necessitate 
* 460 X 500 • % • 1 

10.200 ampere-tups perjxdc. « « 

Assuming all tZe 4 bobbins to be connected in seTtos, and the same surface 
rise of temperature, the required area of wire is thrfefore by equation (125) 

9 *• _» 

« • * yf 7* 10200 

and the number <8 tuyix per # coll is T n ■» “™j~ ■* 2»1< A ypgte 
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ocnfltd wire of the nkeiury diameter to giift this section is ou^of the question 
owing t 9 the difficulty of winding it, S nimber of alternatives are, however, 
pnwiwe. Thus in a 4-poto machine t«tj of the 4 bobbins may be placed in 
parallel and the pair in acrid with the remaining pair ; the current iu any 
turn will then be ‘halved, and* the number of turns doubled, but the 
section of each wi(j need be only half ax large. Or all the bobbins could V 
placed in parallel, when the current in each, being again halved, becomes 

*- 87-5 amperes. There are, however, two objections to any* parallel 

connection of the bsbhifiR, and these Income of increasing Importance as the 
number <>t ]utrnllcfr paths is increased, In tMb first place, as^hc sire of each 
wire is reduaxlthe ratio of thl clipper aria to the space occupied or the value 1 
of <f dinuninhcH, no tliat it may finally become impossible to find room for the 
necessary volume of copper. In thf sccniq) place, owing to the different 
location of the several bobbins on the machine they enay be differently 
affteted as regards the cftectiveness of their cooling surface, so that even if 
thgir resistances* arc exactly rqttitl when cold, they differ when hot; (he total 
•current^then Incomes unequally <Uvidcd between them, and one or more 
magnetic pircuits may have a jjreitir number of ampere turns than the 
remainder-a result which is especially disadvantageous with lap-wound 
armatures, l'or Imlh reasons, therefore, it is advisable to adhere to the 
arrangement of all the txjbluns in series. 9 t 

Foturiiiiig, then, to the senes connection, a rectangular strip may he tried, 
double-cot ton-covered ami wound mi flat-wise. Six layers 4 A 4-9 turns 
j>er*layer will give the requited uti 111 tier of turns jwr poll; ; the thickness of 
• 2-5' * 

the insulated strip must not ettced ^ , say U-j', ami the thickness of the 


Imre copper will be 0-4 - 0 025 -- 0-375'. The widtfe must there foe* bn 
0 915', or when insulated 0-94'. Ip calculating the required winding length, 
especially with a wide strip, one turn must always be added to the actual 
number which each layer is to give, since the space lost from the Spiral way 
\n which the strip must lxi wound amounts to trie width of one turn : hence 
ill owr case (number of turns -|- I) (width of insulated wire) --- (4-9 -|- I) 
X 0-94 r 5-55'. Or me* tersA, in calculating tlu* number of turns per layer 
that can txs wound within a certain length i*.r turn \nust*bc deducted from 
winding length ,, , . , _ , , , 

the quotient ^ insulated wire * *" c ‘ stri P be wide aujthe length 

of coil he; short, this loss of space amounts to an appreciable percentage id 
the total length. For this reason the proved use o* rectangular strip wound 
flatwise, although it has in itself a very lugh value for a, does nyt lend itself 
conveniently to a snlxlivisiofr of the bobbin into the three Actions witn 
air-gap* be twin* 11 jhem which is required in order to secure Jt he best results 
on the more of ventilation. Further, the copper even whe* ahvuled into twb 
strips each 9’1875' thick, wound in parallel, will bc # troublesome toVind. 

equivalent section of copper wound on edge, say 2 45' x 0-14', reduces 
®he above-mtfltioned loss of sqvace very considerably; the winding length, 
in order tn give 29J turns per pole, must now correspond to 30 turns, or if 
the neighbouring turns arc insulated with strips of calico to Up thickness of 
OHfHT, the length roust be 30 x ^*16*= 4*8 # . Whether a quarter turn can 
he secured depends upon frhere the wire is led on to or off the bobbins, an# 
a half-turn is usually more convenient aa bringing the cndsYo the opposite 
sides of each bobbin and in line all rJlind the drde of the poles in a convenient 
position for connecting {pgether. In 9pitc of the lower value of a the edgewise 
arrange men# requires less space and the bust.* But the winding of a wide 
strip on edge calls for special tools and ekift in manipulating so that as an 
alternative a thin wide strip wound on*the flat may be tried. The thteknev 
• • 2 - 5 * 

of the strip will be — — 0*083' when rfiaulated with calico strips pasted to 

one aid* or say 0*060* bare. The necessary •width is iht\ 5*75', and this 
may be conveniently divided into three auctions each l -9* wide. The sections 
of each bobbin are coupled together mto ttaqgllel where the connections are 
iTiafe to the neighbouring coils by which the seyeral V>bbins are put in series. 
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« 

Finally, therefore, each pole wilt be around with three sections, each contain!** 
29} Jura of a topper strip 1-9* fide x iXHO* thick. insulated to 04HMV 
The joint area of the throe strip* is C9 >; 3 (HW .& 0 342 square inch. 

* 0-0*444 _ 

and tfceir joint •resistance per 1,000 yards is ohm. The 

♦ ... 29 5 V l<iH -5 4 

resistance of the 4 bobbins in scries u “ <•‘0-0716 ^ 0 00915 

t f 000 

when co)^, *>r 0 00915 j< 1-145 0-0 Ifc chit when hoc The kiss of volt* ia 

0-0106 x 350 t* S-’Jl, and of watts ix 1 ,298 Our animal allown me for ihr 
armature E.M.K, etc.. may therefore be permitted to i4ai)d The weight 
of wire is H-55 * 0-34*2 x *28 ■*&*) ll> U will thus he m*ii that* m spite 
►of the greater nuiiftcr <»f ampere turt^whuh arc 1 required on tlu- 4teM for the 
series machine to give tfre same terminal volt* as tlir shunt-wound mmhiiu*. 
the better utilisation of the sp^:c whi^i results fr*>m the use of >tnp as 
compared with round wire enables the lame si«^>f l«'>tUnits to tv retained, the 
weight of copper contained therein living greater. • • 

Owing to the higher value of a with rci iang'*1ai"stiip lopjvi as cumjmrwl 
with round wire, and in gem-fid owing to die fewer tnm of «omjMi^ticvlv 
Ijfrge area, the current-density m series wflhlyig is usually lower lhag hi shunt 
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ibi 


•Fin. 3W».- Regulation of *-rii-s wound dynamo. 


coils* since the watts jvr cubic inch of total quit- should lv the Mini* for 
coils of similar rfm&iwnfis. [f.^ks usual m umtimioiis-c nrtenl rivnanvA, the 
tielii-magcieV is stationary, the i-urn-ntdi-iwtv in the si nes wuulyig seldom 
^exceeds 1,0(10 amperes jvr square inch, and oil an aveiage ranges from 750 
to 800 amperes jxr square im.U. 

"kegnlalioti of the M-riA> machine is effnted cither (</) bv a dwtflrw. or less 
frequently (ft^bv alteration of the nuinlx-r ol turns ihrungh wlm h the external 
edmut passt-g (Fig 295}, In the latter ease th^wrurs winding is divided iiitii 
a number ol sections from the ends of wlmh leads are brcmghl cult to the 
contacts of a re ng switch ; by moving the lever of the latter Die group-, 
of sections are brought into action or cut out one alter the other. J hisim-tlnxl 
is, however, seldom emjdoyed. since it can only be adapted to giw a tew large 
step* with consequent sparking at the malaria. • 

A more gradual change ran lx- obtained with a diverter (iig. 205a) : this 
latter consists*®! an adjustable resistance- mimetic il in jiaralld with tint 
series winding. By mewing the arm of llie regelating switch over the cnnt.vtt 
ctumccted to the resistance, the amount wimb .s fli parallel with the vnm 
winding is gradiAJly altered ; thus by dccreaS? of the ohms of the reststAnu- 
a gradually increasing proportion of the tfrtal current is diverted away frem 
• the scries cod*, and tne held is c'jrrc-spnndingly weakyied. 

| 15. feUral ehirtcUrfctft. of wrtwwound dynamo. -T* external 
characteristic oj the dynapio whan •cnc’S-wound aa described in $ 14 for a 
spfefd of 500 revolutions per minute, is Ihown in Fig. 296. It may be derived 
from the flux-curve* of Fig. 274 in the following inannci? Taking any Airrent, 
/., multiply it by T_, the nuiqbcr ot turns per pole in the series-winding, 
aid then had on <h? flux-cnrvje for the particular current /, the corns- 
* ■» * p <P t A Z x N 

spending to thrf exciting power, ^7*,. • Thence r % “ fl ^ 

ca n be determined:* th^loas nf # volt* uvei the resistance ni ihf armatqjr.^ 
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«bfothet, and series-'winding « 1 X x (*«*+• -ff* + R^. to that V t com 
■ponding to a value of /, «• i t is £^1 - d, 4 *nd the •orre- 

■ponding point on the external characteristic can b^ plotted. Next, take 
another value U& f t , and in (lie same way And the corresponding value of 
V and to on until nuftycitmt points have been obtained to draw in the'curve. 
If only three or fcpjr flux-curves are to hand it will be necessary to interpiftate 
or add other curves in order to determine the characteristic throughout 


Ampere turns per pole 
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- -t—i - 




100 160 200 250 300 350 40 460 500 »0 

t * 4op«rti,I # 

Fid. 23d.' -Chatae(elastic curve of series-wound dynamo. • 


a large rwgc.of curtfnt. Thus the curve 4o^ |ths of full current will fall 
approximately midway between the for half and full current, bul 

slightly nearer to thmiformer; tho hack ampere-turns <ff the armature an 
less ah three quarter* than at full-load, owing to the decreased current, Twd 
the proportion of leakage is thereby decreased. 

The shape of the external characteristic for a setfesgwound dynamo* i* 
widely different from that for a ■hunt machine. Since t*e external cumnl 
15 also the magnetizing current it ifscmblcs in the math a curve of flux 
But if the external current can be progftwbvely nyeed by lowering the resist 
• Ace, n pointg* always finally reached at which the^rrmlnal voltage decrease 
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aft the externalfumnt w increased, although Uuft point u usually well beyfthd 
thd+workmg range of current. The tail of the external characteristic is due 
to the loos of volts pver the reeutaibe of the arnUture andscrie* winding, 
and to the detnptetuing effect of any back impcre tupft on the armature, 
fanner loss is directly proportional to currept, white the effect of the 
back ampere-turns increase* faster than the current. Qp (he other h^nd, 
when the magnet is approaching aaturatfem, if the external current is increased. 



Fig. 297.—Method of deriving cxlryi.d diaMttemtfo of MTirs-wuuud 
dynamo. 


the increase in the total flux & bv no means proportional to ifte imrease in 
ffbe cxdthtg bolter of the beta ampere-turns. Ifgpce the induced K.M.F. 
AM Lem and less rapidly as the current is increased,*md after a teruin (joint 
the increase in the induced E-M.F.*doe» not so much as compensate for the 
"increased leas qf waits over the resistance* of the machine; the external 
characteristic dm therefor* attains** maximum height, and thelt*> bends 
griddUy domlranli. • , i 

If the brushes have ^ fixed po/tiem the descent is very gradual, as in the 
case of the until Behae-woutio dynamo illustrated in l'ig,^297, whkb^^fo 
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»hoW» bow th* fxttnul chwtoiitic lor a term*-won ad djpuuno may be 
graphically constructed. Th« open'd,cult flux-curve of the dynamo si 
fint converted into an K.Itf.F. curve for the given cooitpt ipetd, as shown 
by the upper dott_d curve in Fig. 287, For anv particular value ol the 
current the Ampere-turn} required to balance all the effect* of armature 
reaction, including,,the increased leakage, may be expressed as k.AT * 
where A increases as saturation is approached : this again may be exprewien 
by the equivalent number of ampei^s wNch with the given value of the field 

k AT 

turns T m pier pair of polei yield k.AT a . i t. ' • . Tim dotted curve 

k,AT * m ► » 

marked • ‘.j*- 9 is thus drawn* ol whitls Uur scale in a»i|w*re*i to the right 

of the dmgraTri is equal to the horizontal scale of alwcissac. Inclined to th<* 
horizontal in then drawn the line OL, w^ich to the volt scale at the left hand 
of the diagram moinuri** tb*f 1*« n>f vriltn'uwr the residance** of the armature, 
brushes, and writ's c oih lor any # particular current. The induced Iv.M.F. 
uf ,ht; armature for any value of the current is then derived by finding a 
series of (mints such that their horizontal distance from the uppicr dotted 
curve is isjial to the corrr-sfn>niJin'» ordinate ah of thr curve ON, and M the 
’amc time mu h that they fall on the vertical from the particular value of the 
c urb tit in question. From the curve of the armature li.M.F, li Q so fienvid 
lias tlieii 1ft he dislncted the loss of volts AC corresponding to each value of 
the current. If the brushes are given a greater angle of lead a* thr current 
is ini-reawd, the kick antjHue.-turn* of the armature then rise faster than thr 
field ampere turns, and gradually overjiower the latter, so that the actual 
flux mav diminish. The curve of the armature I .M R then begins itself to 
bend over, and the descent of the «arve of the ►.sternal voltage is rendered 
much slerpMT. 1 ' * ■ 

The external characteristic at any other ,sj>i‘i i d is obtained by simply 
altering tfu* height of the ordinates ; the slide rule is set up for the ratio of , 
the tfpeods, and the calculated values of K a are altered m pr"p<»rtViJl to the 
ill te rat ion of thr constant sjieed. * 

| 18, UfM of tcriw-wouod dynamo*. S-ries-wound dynamos have Ixrn 
chiefly usril for the electric transmission of energy over considerable distance, 
when <Mo or more generators are employed* to supply current to simitar 
senes won uc^ motors through a single series circuit (Chap. Wilt. & 21; and 
also for high-pole ill ini arc. lighting * * 

For running a nnmlx-r of arcs in series since a nearly consent current is t 
required, the drooping external characteristic is a distinct advantage, and on 
this account the series-miiMil machine u worked on the dcsteudpig portion 
i»f the curve. If the resistanceM any one or more lamps lx* decreed owing 
to the carbons being fell together, or if a lamp be entirely cut out of circuit, 
the momentary increase in the external current is then accompanied by a* 
decrease in the terminal volts; this helj» to bring tNfc; current back to its 
normal strength, and although it cannot be so iliac nt to make the machine 
Entirely aclf-reVulultug for constant current at varying potentials, it tenijs 
in tho right direction, and leaves less for the automatic constant-current 
regulator to do. Thus in the constant-current dynamos as foruwrly used for 
artf lighting the drooping charncter^lic was expressly exaggerated. 

• % * * • 

| 17. Compound winding. -Ii^ the case of a sluml-wound dynamo 

with armature of low resistance its terminal voltage, although 
approximately* constant over considfcrKble range ob current, 
necessarily falls. A constant vofcifee 4 over 4 the f*U 'range of 
dynamo^ capacity owen a voltage rising with the load is. however, 
essential for most purposes, and this requirement can be closely, 
fulfilled ’ey the compound-wound dynamo •( Fig. 298). *If a dynamo 
* shunt-wound to give a certafh *oft^e fc at no-load, % and ^he magnet 
^ id additipn^ wound with a certain number* of turns connected 
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In senes with the external circuit, then, as the load is increased, 
thecurrent flowing through tbfe spies, or as fjiey are also sometimes 
called ” maig " thms, will progressively increase the excitation. 
Nouf this increase in the excitation may Ik* rfot only to balance 
any increase of the back ampere-turns, as more loud is thrown on. 
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consequence the in&uced E.M.F.js fticrtas£l, and when properly 
proportioned this increase may l>e madeflo exceed i he loss of voltage 
f over the series-turns sufficiently to* com|>cnsatc for the increased 
loss of volU over the armnrijrc resi*ancc and tfrushes. Jhus while 
tije annatare^.V-P' rises with thejoad, the tcnyinal voltage remains 
practically constant, however the current lie .varied#over a very 
considerable range. The # external characteristic is therefore 
practically a stfaight line 4hroug1jput the entire working range of 
cumat In the compound wjJfcnd dynamo the shunt may, in 
fact, be regarded as jnrovidftig a certain initial flux and voltage; 
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fh£se latter are maintained and reinforced against the combine* 
,* cause*' which tend to, reduce them *jy means of the series-ttLiu 
the exciting power of which varies directly with the external current 

The connections of,a compound-wound dynamo may be arrange 
in two slightly tlifferent ways, shown diagrammatically in Fig. 299 
r Jiy the first, which is^Iso shown ^1 Fig, 298, and is known as tli* 
M short-*lftmt M method, the shunt is placed across tin* brushes o 
the machine, and the voltage acting on it is V\ V 4 4 
the amirt flowing through ihc Kories winding twing simply ifo 
external current Hy the second, or 4 ‘ long-.shunt " method, th< 
shunt is placed across the tenuinals of the external circuit ; tin 
voltage acting on it ft thin V Bt while the whole armature curren 
, /, \ l, flows thrdilgh the series winding. Of the two method: 

(fir fust is ihc more common,.but their practical difference is no 
very import an*. 

As regards the winding of the two sets of magnetizing coil: 
on the magnet bobbins, tin: series may lx* wound over the shuni 
or "Vice vtrsti, but it is^more convenient that they should form 
separate t oils. In the latjrr aw, however \ care must be taken that 
the equality of the turns on ( ach pole is such as to suit llie necessities 
of the armature winding, Thus in the mujti^xilar*nuichin*- tljt 
series-win ding may be confined to alternate j>oles if the armature be 
wave-connected, but if it In; tap-wound all the puk* are,preferably 
’similarly wound, each with its proportion of shunt ami u-ries-turns. 

t 18. Over-compounding. -A constant speed and a required 
constant voltage have been tacitly assugied abeve for the conipotind- 
wound dynamo ; but such are not in strictness the ordinary con¬ 
ditions of working, owing to the drop in speed between il«-load and 
full-load which results from ilie governor rang. 1 , and Which averages 
from 3 to 4 per cent. of the no-load speed. Apart from this median- 
ical lowering of the speech there is also the electrical l.*ss of volts 
over the mairf leads lx 1 tween the dynamo and Jhe load, which 
increases in direct proportion to the current jxNsing. If, therefore, 
constantvjHitential is required at the far gnd of the line (as, for 
example, in a factory w ith 220-volt incandescent lamps or motors Inn 
<Jirccliy from a dynamo some distance away) the dynamo must 
give a terminal voltage of/say. 230 volts Men supplying full 
current in order to allow for the loss of potential 6ver the lea is. 
When, however, the load is very light, the dynamo must give little 
more thap 230 vol&, and for *any exjvr^al current between zero 
and the maximum # the externa^ wdtwge should qsejn proportion 
from 22(1 to 230. .Hence in such a case the compound-wotifld 
dynamo must give a higher voltage at Jull-load than at light loads, 
and that at a lower speed. Tty desired exten&l\haracteristk t$ 
thus a straight line, not boi4zqnt%L but slightly inclined upwards, 
or^as it is^ termed, the dynamo is tb be ovtu^cofApottnSed. 
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| If. hunb tit c i lcola tt oa tit compwmd winding —Ui m . 

suppose that toe 21* X H' d^mnio of Chapter XVI, §9,1m to be 
compounded to fulfti the following conditions : at $0.)* revolutions 
per ntinute, V 9 = 230 volts when /, =* 350 amperes, and at 515 
revolutions V t = 220 when I 9 0, ir. the voltage is to rise by U> 
volts while the speethdrops al>out 3 |*^cent. as the load is increased 
from no^urrent to full-current. t • • • 

To give the required voltage at no-load, <D a iliust, ;i> in § lit bo 
f-7 X 10* and from' the ito-cnrfegt,curve o(Fig. 274 wo so^tliat the 
shunt-winding must then give .J7' (l - 5,8W .imjxn-tunis. At 
full load, allowing a loss of 8 vol|s»over the /mature and brusli 
resistances (as before b and nf I volt ovtt tty? series-winding, th* 
induced E.M.F". must be 239 volts ; llie fotajiminbor of useful liiicw- 
tu give this K.M.F. is 6 38 x It)*, ;pid, as calculated in Chanter 
XVI, § 9, thocxcital ion required per yxde io giw this Jlux is*.! / f - 
9,750 anyxfre-turns, At full load the exc iting voltage on the shunt 
i.« 231, if the machine lias a " short -shunt " winding, and ilu* 


ampere turn vim? to the sliunt are then 

* • * r. 


.17.9 AT\t X 


M 
• ^ M 




6.090 


T'bc anqieiiMUtns winch the Series-winding must piodurc at full-loud 
arc therefore .4 7/ AT* 9,730-6,990 3,6(40, and the lumber 


of series turtis is T m 


10} |H j r pilt 


.1 3,660 

/, 350* 

( Assuming a total loss of alxnit 1,280 watts in the held, and a 
depth of winding tof 25 inches as in the previous ease of the shunt 
machine, vj: have still to settle the question of how to dwidc the 
total winding space between the slnmt and series coils softs to obtain 
the best results. * 

The shun*and series coils will be arrang’d as shown in Fig. 281, 
with the senes winding in a section below tin* shunt, tlie depth of 
wiflding being nj4>o1b cases as nearly as possible the same so as to 
give a neat appearance to llic complete bobbin, Tiuler these 
conditions it is evident*that, in order to obtain an approximately 
uniform temperature rise over the length of the bobbin, the loss 
per unit length of w ip ding space should 1 h* approximately uniform 
/. g and A* are the axial length-*?of thejslumt and scries toils 

w IV IV 

respective!}', and and \V m are thetvatts hist in them, -r- ~ -t- 1 *, 

4 a .-I • / « 

L, K • • 

or^- *= |j7*“** I* Chapter XVI^I8, it was stywn that the watts 

*t * m ^ i 04)0002445 * * 

nutay coil are \V^*A*T x l+x k x -and since a =* a. a x 

U . * . *, XU*X 0-00002445 

» p y* we have*in generaljf/^ * ^ . , 
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•of in t)ie present case, since life depth and the length oi 

- * MI) 1 

the n>ean turn are to be tne same, ir*oc Hence 

*477 • 

H> 7 * \f *' / ,| y /—‘ 

I 7?p— z and finally-— w yThelotal winding length 

m m_ t t'm J ‘ m \ <J t 

id tin; cm[ being A. the correct length for the oil is thus given 


by the relation 


I* 


M. l* m , 


I. X 


i + :1T- fc 
, , * *r*HT m 

With ropjicr strip for "the series, and round wire for the shunt- 
winding, a m will lie* higher then <r t , and /-—will In* greater than 
/ci-HS AT* «.W1 


unity, say, 


119. Since 


166, the 


AT n 

\ (M> , t 3,60th- 

fractions of the total wirtding length whiMi should be assignee! to 
the shunt and series res^;cViw ly are 0*665 and 0-335. If any great 
departure Iroin this ratio be contemplated, the ‘U-ndeViey sbor.hl be 
in small machines lo assign more spare to the series-winding, so 
as to reduce its loss of watts, since this loss has the indited effect 
of increasing the necessary armature and the ;iYii|x‘re-tiimfi 

to give tlu> corresponding flux ; 1 in large machines the opposite 

*» d »■ «■ 

1 Tin 1 'H^tiniiH at the t<>p and Uitlmn id the coil will actuall y tic cooler 
than the ctmtral serlinn, Iml in th«* above this effect, 11111* 0» th* pooling influ¬ 
ence <>f the t'iul *nrf;u>-H. tuu brrn neglected. On this latter appro xi mate. ’ 
assumption, sinre m equation (l-U) tin* second team on lUv* left hand 
namely, 27,/ 1 is imt taken into account, it follows at once that, in order to 
satisfy the heating fumditHWgf, the axial length of Any coil or Part of a tud 
expressed in U-rms of tlie ampere-turns which it contains is 

‘ *-\'i AT 


t r v n> ■ h f 

V^Vr* 


and since iujpur present case, with the shunt and jerics coils wound abreast, 
tin* only difference Ix-tweeii them lies in rr, we have % 

b -:* T ! JK ’ - 

* „ b. AWi~ 

Farther, the current-density 114 tile two loads of winding is then i ft versify 
proportional to the square rind of f in the twij, cases. 

It the series coils are wound over the shunt, or nice vetsd, there is a further ( 
difference m that tlio tlican length oJa turn aod^hc mean tempexjature of each 
division tinhc coil must depend upon its rtisition. Let f ft AT <, k u refer 
to the inner coil, whether shunt or yiffs.T,. AT„, 0% t# the outer c^l, 
and k'tgfi, p 9 he respectively the inside and outside perimeters of the complete 
:oil; tocn the niuumum watts with a given space to be filled are reached 
hvben the ratio of the depths is • * * 

•• d T i ifc^irTi 

K ■ t ■ p 

f til” 4 * 

circular bobbins of which the inside diamete^is A and the total radial 
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course is better. When the totql low of about 1,280 watts H divide*) 

* in (he above* proportion, the respective amounts are W t ** 650 
and W m 430 ; She latter corresponds to'a loss over the series 
winding of f 23 volts, which is thu^ higher than the allowance 
thht has been made above. The different is, Jiuwever, but a 
very small percentage of the whole, and since a division of the 
winding into three equal section! ^onducuKjti tin* neat rfiqn*arance 
of the coil as a whole, the total winding length*of IT wilt l>e divided 

* between the sft<yit*and Series ii^tjte propqftion of j # : * 

The resistance which the shunt wire must have is fiont equation 
(124) t . . 


220 X 160 
5,800 X 4 X M« > 


It6 


* ’> , 

^55 ojftits pt*r 1 ,<HK1 yards 




# 


* and the necessary gauge is therefore to be uhlumt'd by the wso of 
wire 0064’ lira meter with a small amount of <Hl72’Virt* wound on 
one of^hc two sections. When the two sizes are insulated with 
•12 mils of double cot ton covering in 0076’and 0-084’, in each action 
of 2’ axial l*nglh there will Ik* 25-2 ajid 228 turns \*t layer respec¬ 
tively, wluft the Vcqqiitd depth of 2J indies will lx* given by 36 
layers of the smaller siz* # and by agiitision of the second section 


♦ 

. a. 


•< 

♦ Torn* Turns ► 

l*r F? 'l*> Y ^ r< b 

layer section . # 


i -4 .. _ :«> layers id 0-064 
hi return > malt 

zml - 110 * • no?* 

25-2 

25-2 

90b 

627 

HI8 • HHT) 

ini i h:»s 

! 

22 8 

228 

1 -225 ■ —■ 

; * 2 «o 

Per bobbins. * 


1761 

■ 161.? 

280 

4 bobbin* f » 
cu’ per J.OMl yards ? 


7044 

; 64 do 

1120 



. 7-6 

6-01 

Kcsislancc * 



: m-i 

6-74 

* i 


•4 

: _ . 

——- 



; 55-84 

ohms 


« 


into 25 layers of the smaller an<l 10 layers of the larger wire. The 
racial depth of the 25*layers will W 1 71’ and the iiu*«fb length of* 
a turn ir(9‘8£5 -f-*!-71) inches l-01 yard, similarly, the depth 


depth is t, the ratio — d ■and am If rci^nAilar bobbins of which lh« 

w % p d y a 0 

0 a t n 

two inside tlimcnsions am A and fi, * ^ ^ ft' nt ^* ntc ratl '* 

and vjry to some extAt Ih opposite directions, the ratfb of the depth* 

L r * * t AT • 

iron cos approximately to j- s* Js as before* In actual paaclice a 

m m O t B 

Urge percentage difference in the value assigned to the ratio of th^ depth* 
produces but a AuU percentage difference in the total waits, so thar even 
an a p pro x i m ate oi vision will not watts to exceed- the minimum 

appreciably. # • r 
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oijbe outer foyers of Ihe forger $rire being O TP* the wean 
length ( of a turn is v (9-875 4- 3^i t + 076) inches a* 1225 y^rd, 

# 1 

When hot, J? # « G5-84 x 1*16 ^ 65 ohms ; thence I al «- — = 3*38 

i 65 

231 

amperes, giving A f tl *« 5,950and 745 watts, whito I n ™ — »= 3*55 

amperes, giving /I T n - %,250 ;r.id 820 watts unik a r the full-load 
condition, There is therefore a small margin in hand- The total 
weight of the smaller wire is 240 llo-.id of t he target 53 lb., making 
293 lb. in all. 


The series coils are h; consist df*%vidt: iupjH*r strip wound on flat¬ 
wise, and insulated with intervening strii* of thin calico. The width 
frUy he nearly equal to'that of the finished section, say, 1-9*, since 
the whole is to be bound over i/ith cotton tape and the insulation 
be ween the lasers need not extend round the edges. Since the 
several sections of series-winding are to l>e connected in scrips from 
pule to pole, in order that the start and finish of each coil may be' 
on opposite sides of the /Kile, there will be 10J turns oer section, 
and the depth of the winding will correspond to 11 turns. Thu 
T * . 2*5 

• Murkness of each turn when insulated must therefore lH: t |j- ~ 0*227'* 


and allowing 27 mils for Ihe insolation between neighbouring turns, 
file copper strip is, for ease in winding, best divided Into two 
thicknesses of 0100* wound together in parallel. Its area is there¬ 
fore 1*9 X 0*100 X 2 -■ 0*38 square inch, and its resistance per 

’ 0-02445 ' 

1,000 yards at <W° V. w ■0*0645. The lot'll length 

that is required is 42 turns x 1 08 45 4 yai^ls, ambits resistance 

0 0454 X 0*0645 - - 0-00293, or when hot, R m 0410293 X M6 
0*0034 ohm. When cafvying 350 amperes, the loss of volts ovfc 
the series winding is thus 1 * 19. and of watts is 417, while the weight 
of the scries winding is 200 lb. The total lossdn tta field-winding 
flt full load is 1,237 watts or 1*55 per rent, of the output ; it is 
rather less than in the corresponding shunt-wound machine -.-a 
result which is due to the better utilization of the spzjcc with the 
rectangular strip of tty* scries winding, while ^hc a of the shunt 
winding has been kept'up to the .same figure, even though the slA; 
of wire is smaller, by the employment of a thinner insulation. The 
total weight of wire as correspondingly greater, namely y 493 lb. 

In ordef to compensate for diflpr^tccs of temperature of the 
compound-wound dynamo it is convenient to insert in series wiib 
the shuht a rheostat, just as in the case of the simple shunt machine, 
but o| piuch smaller range. The difference betwver the resistance 
of the shunt itself when hot $nd‘ighen cold would tk compensated 

by the addition of an external resjs f ance of 10 ohms f- but since, 
* . . v 
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when the whole machine is did, the armature voltage vthtchris 
repaired at tull-luad to give 08 volts at Jly.' terminals will he 
reduced to a|/ont €38, and only 9,500 ampenMugv»*pct pole arc 
needld, while the series winding still gjvcs 3,660, the shunt current 

5,840 , 23) 

must be reduced ~ 3*3 anjperes ; whence R t + /?, ~ 

^ 70 ohms. The maximum resists nee of tiie rheostat (bust then 
he at least 70,-* 55 Tf 15 ohqis. * 

• I 80 . Necessary*imperfection ot compound winding.Xh hough 
a dynamo may compound perfectly at (nil and no-kud. it will not 


♦» in C.G.8. lines *10* 



do so with ^qual accuracy at intermediate points. This is dtjp 
partly to the flux edrve* l>eing royndW lietwreii the win king points 
nl no and full load, as, e.g. between the limits of 57 X 10* and 
. 6-38 X 10* lines in Fig. 274, and partly to (lie fact llint when the 
brushes hate to be given iofyard lead in the ab.4fcnce of/ojimutaring 
fjoles, the ba*k %mpcre*turn#at4ijlf-currcnt arj somewhat less than 
MSf the back ampere-turns at full-current, aad those at quarter- 
<jurrent less than^half of t^oseV half-cunfcnl. and so on. 1 The 

1 Even if thevlraihe* are tctained»in a fixed position the eflecteof the 
ructioft in increasing the hclpc to prevent the riw of the 

flax in the ompowd-wound mftctyhe from following the rise of the foment 
4 “ -‘-ft proportion. • , P 
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r#cct of these two causes is seen in Fig. 300, which shows a portion 
of the flux-curves pf Fig. 274 on un enlarged sca£. At no bad 
(or practically po-load) the working point of on.' compound-wound 
dynamo is C, and at full load F; since the length OK gives the 
increase in Ihc-jimpere-turns, when the current is increased up to 
full load, the increase in tips ampere-turns at half-load will be 
OK .s' 

CrH. ' - and tlift corrojKuufmg <b 4 on the half-current curve is 

HI.. Hutf for |k.Tfect corapoundingjonly HM lines ire then required, 
and the result is that the voltage is rather higher than it should be ; 
this, of course, increases the stand-current, and the excess voltage 
i*/ thereby rendered even greater. If therefore the terminal voltage 
‘-^correct at no-load and al full load, it is higher than is required, 
not qnly at half-load, hut at all Wads between ground (lie maximum. 
The excess voltage is roughly proportional at any i*>int to the 
vertical distance between the full line f7,/\ and the dotted line 


( Mb', from which it will be seen that it is greatest lxdween quartei 
and half-load. In orilei;Jt» minimize this imjH’rfcction { ja compound 
machine should be workwl as far as p(*sible on the ripper part of 
the flux-curves ; the highef tie working limits, the flatter and more 
^horizontal <b the curves become ; and the effects *a the ureqiml 


spacing of the intermediate corves, and of the increase of the shunt- 
excitation, are lessened. Hut in slow-speed machines,.. e.g. in a)i 
* 18-kil(jvvatt dynamo running at 250 revolutions }*.t minute, the 
j>t*rcent age loss of volts over its electrical resistance may amount to 
aland 8 per cent, of the terminal voltage (3 per rent, over the 
armature and brushes, and 2 per cent, in the series coils)#; allowing 
a further loss of 3 per cent, in the leads between the dynamo and 
the lamps, and also a decrease of 5 per cent: in the* speed of the 
engine at full-load, it wijl be found that (S> 4 at full-load is Hl.X 
1-05 M7 times the no-load d> 4 , although the amount of over- 
compounding i$ not great. In such a case it is practically necessa.y 
to work the machine on the rounded knee ol the magnetization- 


1 curve, since, to work higher up would require r an excessive amount of 
series wire. It results that slow-speed machine and those winch 
Ijave to work over a large range of voltage compound more or less 
imjKsrfectly, and (lie terminal volts for any current between | apd 
| qf full load may be from$ to 4 per cent, too high.^ In machines 
running at comparatively high speeds the voltage should not exceed 
the requitedamount by more than 3 pf* tent., even at Che point of 
greatest difference. .•••<« e 

Machines with small magnets compound less perfectly than those 
with large magnets, and multipol&rs >yth their greater number of 
smaller magnetic circuits show in general a greatchpercentage rise 

* • 9 

1 CP. Mile* *W4lkcr, Tks Dittfinf tof J'roublfs in tytctri^al MnCMitUt, 
P<I7l t \ 
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ftt intermediate loads than woyd targe 2-pole dynamos. Diffe£ 
etices of temperature also consh&rably affects the perfection of 
the cojnpoundihg of a dynamo ; if worked on the pAixicled portion 
of the curve at no-load, and if the temperature cf the field-coils risk's 
during working 50° oj 60° F., a machine designed to compound whet) 
hot will give too high a voltage a** ni>4oad^and, in genera), as the 
temperature of the dynamo changes, the retalit’e value of the shuntr 
and series-turns* is ajlered. B*\fh effects can, as mentionedpbove, 
iV compensated 1>y inserting asiiull v a liable resist am > in the 
shunt circuit, which can be gradu;dly short-circuited as tin- d\uanx> 
warms up during working. In ntliercascs^wtyjre it may l>e neecss- 
ary to alter the amount ol comixiimding tu nu^f different conditions'? 
a diverter can lx* employed just as with a •series-wound dynamo, 0 
or* the series-turns are connected a? intervals to contact ^blocks, 
which enable some or all of them *> l>e short-eincited by the 
i^ertion^f a plug. Since the compou mb wound machine is usually 
required to excite itself on open circuit, the same precautions must 
be taken agajf si instability of the magnetism as in shunt machine*. 
Traction generators arc very frequentIvVound to give 500 volts 
at no-load, and arc then*#)ver-coni|>0imded to give 550 volts at 
fufl-loid, so as to balance the loss of volts in the transmission line. 
Compound winding is also largely employed in the dynamos of 
isolated invitations, as f<ir driving motors in a factory or for the 
lighting of steamships, in order to maintain an approximately 
#consWmt voltage on the motors nr lamps under all conditions of load. 
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Tilt Ml* DKNSJ7Y CURVE ON NO-^OAD 

, r ’ 1. The Salient-poik Machine « 

y i ' * (1 * 

| 1* The determination of the flux-density carve over ft pola-pitcb.— 

Given a salient-jxjlp machine finder design with a total number 
pf ampere-turns /l 7^ of' excitation on each pole, it is not possible 
^to predetermine the^padal distribution of the flux, i.e. the flux- 
density over a complete jwle-pilch, without in the first instance 
assuming on$ or other of 'two closely related sets ftf quantities ; 
and the accuracy of the assumption must subsequently by checked 
when it can he compared with the final result obtained by its mean;. 
If found to be inaccurate, it must then l>e corrected apd the process 
repealed, until agreement is*finally reached. The necessity for the 
initial judicious guess-wosk jven for the no-load condition follows 
for the reason now to lx? given, and the same pecesyuty alsq ho[ds 
when the armature carries currentv 
In lug. 301 the M.M.F. of a field coil, AT f in am^re-turns, 

- marked in a circle on each pole* If 2 Al\ l>e the ampere-turns 
required to pass the flux from one bifurcation plane CD in the 
armature core below the teeth to thj next bifurcation planti El\ 
the magnetic potential of the core in ampere-turns wiU be 4- AT 4 
at the bifurcation point under a N. pole, and - AT € at the bifurca- 
tion point under a S. pole. Either value wi f l dccrcuse numerically 
as we proceed front the bifurcation plane towards tlje interpolar 
plane of zero potential, hud at each ]x>int x the potential will have 
some lesser vuluc ± A 1T M . The positive and negative values of 
the magnetic potential at the surface of th<? a rirfatufe will under 
(1 each polc p lie numerically higher by th$ ampere-turns expended 
1 over the reluctance of the teeth AT U , The magnetic pot eft tial 
of the N. and S, pole-faces will then be respectively -f* AT t and 
-AT*,, where » « • 

+ at„ « 

* or AT,-ATl~AT t ' + AT„ 

li 2 A Tf bo- the aAipere-t urns*required to carry the ffax from one 
pole through the ypke to the nqxf p61e, the potentials at the rppts 
of th* N. and S* poles are respectively - AT 9 and 4- AT V ; as the 
flax passes down through the N. 'pole# its potez^ial is raised by the 
M.hkF. of the exciting coil AT# less the loss AlV over the pole 
from - AT f *to + AT ff while passes up thjrougl^ the & pole, 
tip 'potential is correspondingly r raised from - AT, to + AT r 
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Hence a second expression fo» the potenkal of the poMarti •» 
•obtained from the yoke side is / % 

* M7, = AT,-AT,-ATr a ■ 

• « 

AllMhe «tove symbol have reference *to otw half of a magnetic 
circuit, corresponding to one pole. while the compete circuit calls 
t for Xf ^2 .-17'^ ampere-turns of •xnAliot^ • 9 

Now AT 9 , .4 7‘j, and AT tx are af lir>t unftmwn^since the tytai 
flux has not ton <a\acity drt^rmjjicd. Hither theft the U*al flux 
Wst be.assuTTU‘iffiom which to fttVubte AT 9 and AT m aiul thence 
to determine A T 9 , or A T r must itself he assumed as an initial 
datum. There is then only left flu* mc^sii* either to guess the 
value of AT e and thence by gradual relictiijrt of it step by step A 



flux is tenured from the core to obtain .hi' cr , or to assume initially 
a ^certain distribution of the flux and by ralnilsilion from the* 
gradually increa.^fng m*re density to estimate provisionally the value 
of AT eM at each point (cp. Figs. 327 and 329). In both cases the^ 
coitectncss of the assumptions can only be (lurked alike end of - 
the process, lyit it fc surprising how quickly such " trial and error " 
solutions converge on the true result., m 
\ 2. The coae-deuttf carve on*no lgul.-4.)n no load from con¬ 
siderations of symmetry the plain* of zero magnetic jvjtcntiai 
‘passes radially down through the centre of the inlrrpolar gap between 
two main pol^p, or down iJic^cejilre of a commutating pile if such 
b^present (as stfown dotted in Ftg. 3t)I). 0*1 of the yoke total 
ampere-toms 2 AT W , the expenditure will be similar for‘equal 
dfetances on eittotide of thtaero plane, and so also in I he argiatnre 
core fgr symmeirical points the i^iWrjcal value of ± AT n wll be 
the same. Starting from the bifurcation plane which must jn 
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t^load fail in tine with ft* centie ^f.the pole-face, at or the specific 
AT per cm. length of path increj^at first but skrttty, but a* the 
ftux-<lensity in the^rmature cere growls, it begins to rise very 
rapidly toward} the pole-edge and then remains nearly constant 
over the part of thc'interpolar gap where the fringe is we^k (Pig. 
302). Conversely the integral of the curve or AT 4M as we proceed 
in the opposite directjo^ from tl«? in ter polar line of symmetry to 
the pole-face centre rises at first rapidly and then becomes nearly 
flat under the pole. % ■* * m 

As an example, ill an 8-pole machine with toothed armature of 
diameter 45 ins. -= 114-2 cm. a pole-pitch of 45 cm. the polar 
afe was 33 tin., travifcg interpnlar gap of 12 vm. so that f = 6. 
The equivalent air-gap tagth A7, ^ 1*11 x 0*795 0 882 and 


AT/cm ■ ■ AT 



(•Hi. AT f <>vrr half magnetic re 11 it mi annaturr core. 4 


with a normal Ii t 8400, .17,- 59ttO, while frotp Fig. 303 for 

.. 0-08/x 8400 M n 

tins density in the air-gap -1 / f = •- . =* 582. Xhc 


total flux oven the polar arc would then be 8400 ^ 33 ^ 277,0()0 
per cm. of armature core-length, and with allowable for the intcr- 
. polar fringe, this was increased to 294,000 as the actual total flux 
*■ of a pole-pitch per cm. of core. With deduction for insulation and 


air-ducts, and a depth of core 4-5 ins. ^ 11-4 efit. balpw the teeth, 
flic single core-area jyr cm.,axial length of core will be taken as 
11-4 x0’9 x 0*83 «s fi*S c$i* gfving a maximum density in fine 
core of 17,300, for which the e/ per cm. = 72. Thence AT % under 
a pole was estimated at 390. *^he magnetic potential of a pole-face* 
was thus fir, - AT, + AT t + AJ<£ + S&b+ &Q ~ 6870. 

If now the density in the air-g?»p at interval^ of 2J cm. orffer 
half tRe pole-pitch,'obtained from^equations (134) and (135) of the 
following section, be entered as shown irf column 2*of<TaWe X, the flttx 
collected in each interval in fhe intermediate row^; the 

ajtutl flux in the core at the p&nts^and the density* B* are then 
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*i shown in the 4th and 5th (phutm respectively, opposite to t^e 
•values of x. The average at o^4r a section is given in the # inter- * 
mediate rows. The teeth of lAe Armature bdng A cm. long, t)ic 
mean* diameter of the core below the teeth is l}4*2- (ft 4 11*4) 
« W 8.. A cm. on the surface of the •armature therefore corre- 

’ 94-8 * 

sponds to 1 X * “ 0*83 cm. kyigll^in the centre of the core, and 

2} cm, on the stir face correspond fo 207 in the pnv. Multiply¬ 
ing the averageW's by 2'#7, a Ad supiming up the products, the value 
\if .1 T tx at each point x is reached] in the last column. # 


fAiatV # 

•AT r ovkr Akuati K^j Com* 
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• * 
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| 3. The air-gap flux-density cum on no load. -From the 
bifurcation plane the flux-density in the air up to a dfctamc of lf 9 
from the pol^-odg# is 


V2Sj 


A Tf - A Tit ~ A r f> • 14 ^\ 1 v - A T tu 


Kl g 


Kt, H- 


(134) 


♦ where is the reluctance of the teeth com*jJon4ing to a sq. cm. 
of cross-section of the jfaH^ in#tlfe. air-gap, i.c. f»i* a#pcripheral 
width of l ciA, on the drmaturc’burface and an^axial length of 1 cm. 
along the armature. No attempt » here made to determine the 
actual undulations of the flux curve due to the varying density over 
teeth and slot^at the armature st*face or at any other levelsn the 
air*gfp. But t(je smooth^-gpl cufve of density* is obtained, 
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tmm the area of whiert the total.iux » correctly obtained So 
f important is the varying rcluctanoc of the iron t<4th that »the 
toothed armatyre if is best to Consider the etfect pf -h TA r and 
- A T w in relation, not to th<v*nnature surface, but to the cylindrical 
surface of the fore St the level of the bottom of the slot*, fliis 
may conveniently be done by calculating the equivalent reluctance 
of tooth per sq, cm. <+f^stlh inutile air, which is in series Vith the 
sihgfe gap. Tljws if B t , is the average density over a tooth-pitch 



Fio. —Touth reluctance jvr sq. cm. *f path in air-gap. 


in the air-gap, the centre of«the tooth-pitch being at point x, the 
equivalent tooth relucfancc*in sefies with the air-gap is— 4 

mean H over tooth X l t 1*257 AT it 

* # B t : . 

i * , • 

From the data of thfc machiAe dftnensions a cttrve'such as Fig. 903 
(which*rcfers*to the*machine of § 2) can be plotted for the tooth 
reluctajice per sq. cm*of air-gao for varying gap densities, and by 
reference to this values of By any $ tm which are in,agreement can 
qtyckjy be found for any value*of V2f7 (AT^~ AT^y 
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Within the jpterpoiar regional! has been stated ih Chapter X^I,. 
§ 9 (fe) that the counter effect fcf }he adjacenl^ole dies awa£ from 
its v^lue on the iifterpolar line of symmetry vtrp nearly to zero 
at .the opposite pole-tip, and the rat«*of-thi^ decay may approxi¬ 
mately be assumed as uniform over the half interpoLar ione, 'Hie 
rcsultanj flux-density on the ar/mtare surface in the interpolar 
gap for any distance x from the poli-corni^np to x j« c wfluld then, 
if the anna tur% surface lyen* throughout at rero # poWyitial, ly closely 
•represented by ‘ * •* • » 

m in x 


1-257 A T, 


fr.! l>J. 

where v - ' 0*9y and takes into account! tli^nclmal Urn i>f the pole* 
<klges to-tho armature surface, and jn’ is the correction factor for 

* • . 

But tjio above approximation, as also the accurate solution of the 
‘ideal case upon which it is kised, departs from the actual facts in 
assuming th^t the armature cure is throughout at Zero potential. 
In reality db the*tne side of the inif>r]>yiur line of symmetry fin* 
armature core is at a varying jx>si^v* magnetic potential AT {r . 
Iv*ingjlie amperc-tjirns expended over the armature core from any^ 
point x up to t lie inter polar line of symmetry, and mi the npjxwite 
•tide it is*at a varying negative }Mtenlial - AT rr . I he effect ive 
AT over tfre air-patli for flux from nm* jhjU- is thereby decreased* 
to (.17V - AT tx ), and we are justiiin! in assuming that the counter 
iff eft from the* opposite pole is pro port innately increase^ the 
effective diderence of potential Woming -.I T p - ( f-.1/*,*) — 

(AT, f # .-1 T et ). Next, the resultant AT fr required by the tooth 
inductance isMhat corresponding to the difference between the 
fi^rward component flux from one jiole and the counter component 
from the adjacent pole. The necessity fffr employing two different 
values AT* it %»ud *l /^u tin* numerator for eftch component 
separately is at onA avoided by inserting in the denominator of 
cadi item a term for thy true tooth-] duel a nee. The finij expression 
fof the interpolar fringe from x 0 to v i ilnis becomes— • 

~ m{4T w -AT„) m' a {AY y A■ AT €m ) 

£x -f Kl 9 -j- *t, s • $c ^ KljlX tt c\ 

An approximate allowance for can alone k? made in the first 
instance, Wit as soon as 4 If« poly-corner is Jeff behind (£e <lensiiy 
mjft so quickly that the tootlt rdugtance becomes practically almost 
a negligible quantity. On the interpolar line ti symmetry » m\ 
vanishes, and^aLso AT mt so’that the resultant density is zero. 
No lines entef'or leave through the armature surface, Init the 
direction o{ tfie # real flux ^usj the tooth-tip tangentially 


1-257 


{ 


!■ 


0»> 



M2 t CHAJ>T]iR XVIII 

-flrt this manner a close approxirfAtion to the flur^density curve 
i over a "pole-pitch on^o-Ioad can /hade when the varying undula¬ 
tions due to “the movement of slots and teeth afe not immediately 
required, 

II. Tub Xo jj-salient-Polk Machine 

14, Tbfc distributed M4-windfiig of the non-ttli$nUpo4e machine, 

—^Iifthe cylindrical Yot or of a non-salient-pole jrUichyie the exciting 
roils are grnhedded in slots whtftlv a’iv distributed over a certain« 
|Kirtion of its periphery. The number of slots and the fraction a 
nf the pole-pitch ovcrvwhich they ere spread vary in different makes, 
but the practical rattf'c £f variation is not great. Concentration 
•of the winding in a siifgle £ot or in a very few jH*r pole would he 
favourable to the production ^f a large magnetic flux for a given 
value ohlic ajitjienMurns <rf excitation. Hut the [><Asibfc width 
and depth of a single slot are limit in I; if open and wide* it will 
cause exaggerated tooth ripples, and the accumulated mass of coppcf 
will be difficult to secure mechanically and tomO effectively. With 
an* increase in the numl»i*r di slots the iMe; veiling ifitih greatly 
iissist in conducting the hca' t«> the surface where it may be carried 
fjiway by air driven through the air-gap,'and further, when ih» slot* 
are partially distributed, a greater number of ampere-turns can bw 
accommodated per pole. On llni other hand, if the winding i? 
'distributed over the whole of tile pole-pit rh. the intu* turns are 
comparatively ineffective, so that not lung is gained by making it 
extvjyl over more than 80 per cfnt. of the polc^utch. 1 A com¬ 
promise. must therefore be struck, and usually the wctyind fraction 
of the jioh'-pitrh falls in practice between the limits of <r~-l)-6* 
to cr ^ 0*8 with from 6 to 10 or 12 wound slot® per pdle. 

In these circumstances the unwound pole-centre may be uniformly 
slotted in order to mninlSin the same magnetic relatioif to tlie air- 
gap as holds oVer the wound port uni, but inure vitally it is le<t 
unslotted (lugs. 2:14 and 235) as giving the greyest permeance, or it 
♦has smaller grooves closed by magnetic wedges to give a smooth 
"surface, such grooves being used for purposes o{ axial ventilation. 
(Jn flu; average then it may bo said that two-thirds onfy of the pole- 
pitch arc wound, one-third of thy pole-pitch forming a pole-centre 
which in a minor degree acts like a salient pole, and, so to speak, 
holJis the flux more or less bound to itself. 

| 5. The ftraptihrin of MJtF,—WVr*the exciting*winding is 
located in two or more slots per yoh, fhe sides of thc*spacial cugp 
of the plotted in relation to one pole-pitch developed on 

the flat arc stepped, and when thfe fraction a of the pole-pitch \ 
only wound, the curve has a ftit top extending <fter 1 -<r of the 

1 Cu. Dr. S. *P. Smith, " The hilc Turbo^tenhtor," Town. 

Vol 563. % * 
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pole-pitch. In the extreme aflfs of a winding perfectly uniformly, 
diftrtbuted over the pole-pit ch*w = 1, the MfMK. curve pftr pole 
b a triangle, of height ITJ2 in ampere-turns, whov / the excit¬ 
ing Airrent and 7' m is the number of conductors p<*r pole, and if the 
windings closdy concentrated in one slot per pole, i^is a rcclanple*of 
the same height. Between these tvrojimits lie all the intermediate 
cases of # praciice l Since <he M.ll.F. risea^iv*cply at the^ame rate 
within each s!^t (when uniformly filled) as we j?ass^|*om one wfill 1o 
ithe other, a con iniiousJy slxjliiy^line mnj* without tnmji’error Int 



substituted for the Stepped sides, as sho^n dotted irrl ; ig, 3U4, and 
a regular trapezium of # M.M.1\ as :ti ting on the half malefic circuit 
corresponding to ^ pole is obtained. * 

| & AlloelUon of the EEF. to component parts ot the magnetic 

—This M.M.K has then t£ he-idiotic*! in proper proportions 
to the several J»a.rts of the magnetic rirrait—viator core, stator teeth, 

, air-gap, rotor teeth and lotur core.* As in the case of the salient* 
pole machine (§ l), in orctor^o d^cimine tJic sftipe offh^flux<urve 
either the A F expended ovcAo>or and^stalor cures, (tt the maximum 
flux through the rotor core, must provisionally tie gpessec^ al the 
put set. m * 

Of the two,Wt & best to-assume the former, thence to determine 
approximately* the total flux, and lastly to check .the first as- 
sumption, bdore'proteedm^V hh more detailed calculations. •J 7 jpm 
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* THE NO-UQAD FLUK-DENSIfY CURVE $05 

* considerations, of symmetry, *|>n no-loaft only ‘one ltali of* a. 
pole^pitch need be considered • • 

Starting from appoint opposite to the jKMe-ccitrt, the curVes 
fos tne specific A 7'/cm ft>r the stator cire,«n^for its integral in the 



*#4v»» w — —"'i' — - m 

smAoidal; i! therefore the stfator -pole-pitch is divided up into 
^mail^ections, each, say,^ tteclrical degrees, and the maximum 
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'density averaged over the half coj#^ection is taken ns the stalling- * 
‘ pojnt, the value of tie density attach step of 5* therefrom is found 
in proportion tt^t^he cosine of the angle in electrical degrees ; thence 
the specific ATjcm isiobtain^d from a B-H curve for the sh$jl-st£el, 
and when sumfned up, AT 9M (or any distance from the plane of 
• maximunj flux or fcefo ^oterfdal.* The ampere-turns AT ft for the 
stnt^r teeth opposite the centri: of each rotor t<*>th arc obtained 
from a curve similar to Fig. *103, but yt comparatiyfy unimportant, 
as appear* from Fig. 307. * 

The rotor core is treated by division into sections correspomling 
to rotor toijth-pitche^anj hounded by cquipotcntial surfaces after 
~ % 



* * 

the manner of Fig. 305. The sped he AT /cm or at for each section 

Jfcill depend*in the density of the flux in the'rotor core as affected 
by the presence or otherwise of axial ventilating hajes or ducts 
tHough the core ; but usually it is found to remain fairly constant 
from the plane of maxjnum nux *p to the last tooth-pitch bcfoil 
the 4 equipotential plane A/f across the neck of the pole-centre. 
When this is closely approached, the density and the specjfic A T /cm 
rise very r^idly, as shown in Fig,*30f^* 1 he integral again yields 
a continuous curve tjiarked as Aif# in Fig* 307 &n<} rising vef^ 
steeply towards A A , dver which it remains constant; for the further 
passage of the flux, the tmslotted pole-centre is reokqned as a single* 
large ref or tooth or is divided up tijentallV into rotor Jooth-pitjhea, 
as 4, 5. 6 in Fig. 307. ' ‘ *. . ’ f 

AT ^qjended over each rotor tooth in&ease greatlj\js th* 
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pokwentre Approached, aad*%e marked as/tT^ih Fig, 307. tfMch 
*hfi includes the pole-centre rtgdrdcd as a t<^h. * • 

Adding up; the/, the component items, AT tl +*AT tl -f .4T* 
A>T n <4 Fig, 307 for the centre of cachtotbr tooth; 1 and deducting 
their slim from the corresponding values of the exciting ampere* 
turns qf Fig. 304/thc differences gwe AT '^acting on the air-feap 4 
opposite each rotor tooth (Fig. 31$}. me* effective leiffcth this 
gap has two*values according as it exists between th^ sdHaccs 
of rotor and stitor where both tire slotted or between^ he slotted 
stator surface $nd the unslotted surface of the pile-centre, to which 
may be added a third interlAcdufli? value fort lie tooth-pitch at the 
edge of the pole-centre which is only shUtejjFon the one side, fta 
values of B §m thence deduced for each r</jr tooth arc marked by 
Mhe cros&cs^on the lower full-line curve <d Fig. 308, Hie whole*/ file 
values employerl in Figs. 304, 306-$ 1 icing dci ived- from flie 2-polo 
3000 MA\ 3-phase turbo-alternator analysed by Mr. S. Neville in his 
paper (Part III) supplementing the present writer's Part I on the 
Flux-Wavy* of the Turtro-alternaloj- inj'apers on tht Design of 
Alternating Currtnt Machinery.^ • 

| 7, The rotor transferee ilot iul—The difference from the 
Analogous cflsc of*the salitnt-jxde machine lies mainly in the add* 
^tional complexity introduced by the transverse rumponepl of the 
flux crowing the rotor slots. As explained in detail in the above- 
quoted paper, the difference of magnetic potential in ampere-turns 
aejing at any height x between the walls of a rotor slot of depth 
h K below the >^dg<? may be expressed as • 

; ° A T r f - .-1 i ' Y - (.1 t; - A r.) . • . (136) 

• g K J t 

• f 

yhcrc ATg are the ampere-conductors of one rotor slot, and AT t 
are the rfnpere-turns expended uver the rotor fore l>etween the 
centres of two adjacent teetli for which ATf «vid AT 9 arc the 
ampere-turnsFxpcoded over their reluctances up to the height % from 
the bottom of the slots. Here A if relates to the tooth farther from, 
Aid AT m to the tootfl nearer to, the plane of maximutu rotor flu& 
The difference <fl potential thus varies greatly with the varying 
value$ of ATf and AT m . Near th* plan^of maximum flux ATf 
Always exceeds AT a owing to the increase of the flux-density as 
we proceed up the side of the flAx-curve, but for the unsifted 
pole-centje ATf will i*>t, # so greatly exceed *AT a or may even be 
less. In the latter guse, Hie jacketed term is negative, and the 
^hole term wifti its sign become positive, intreasing the transverse 
component due to AT ^ In «msequcnee life transverse flux may 

i 9 • 

1 The full fae value* of AT# aee only joined up by doited^ine* fw 
monfainrc laW o iriaf , and Fig. only be read on the centre linei 

of the teeth. * * » 

• J^l 240-252 (Pitftan ft Son* 



506 • CHAPTBRXVtli 

bt greater within the sfcJt at the of the pole<enfre than at the # 

,Temre‘of the ixcitfa coil, and rtiay decline to a minimum ft an 
intermediate sl*t. Such a ease* is indicated 'in Fig. 300, The 
difference between the anuyint of the flux entering one sjde' a/id 
leaving on the qfher Jide of a tooth within any section of its height 
# is hdded to or subtracted fronj > thejradial component flux proceeding 
11 j> or dowAi the tooth, ark# is thug an addition to or£ deduction from 
the itseful flux pussftig through the air,-gap r into the .stator surface, 

* . . *. ■ ' * • • 



The several items of the transverse M.M.F. can be fcolatcd and 
considered separately, each as causing its own^compuneijt in the 
transverse slot flux. Bat of thtsc items the first two can be grouped 
tog^her as being independetfl ^f the tooth reluctance and as being 
a nearly constant quantity until the tooth-pitch next to the edge - 
of the pole-$enfre is reached. Her^the »ftthr tooth-pitch f, must be 
interpreted as the distance only fjoiu fhe equipotonti&l plane AX 
to the next lower eqwipotential surface, and the high value of the 
ATfvm over the part next to A A fofees % larger aiyount of the total* 
rotor fhfic out of the core into thwslot. • # « 

To deal with the varying item fif the tooth relict anpe an<f the 
varjpng difference of potential thartfiejice arises, each t^oth 




best divided into at least three sections of h#ighl decreasing towarjfc 
the |pot of the tooth where thels^t oration is neatest, as shgwn at* 
the foot of Fig. 3Q7. It is ther simplest tt#calculate, first, the* 
tranavene flux that would be caused by A T for jfiy section if the 
optyxxntf wall of the slot were at zero potential, and secondly the 
transverse flux that,would 1*c caused by AT* for thfc similar sectjjpn 
if the wali.of the slot formed l>v tie faft* oj^lwf louth first considered 
l>e imagined in thrn to be reduced l rozero potential*; 1 the algqjwaic 
difference of fti^ two fluxes «thi^ found will thru Imj the* actual 
component due to A T, - AT, for the considered sectiofl. Lastly, 
deducting this •flux ‘from the similar quantpy for the next slot 
nearer to the plane of maximum Wx, Jhe^liflerencc is ihc flux 
added to or subtracted from that at tju- vifi of the sod ion neafft 
to the rytor core, and, if positive, it is atided tbeseto within the 
section. The prtKcss is billy ilhistfapd bv*a woiked example in 
Part III of the second Papfr on th* J>ts igw cj Altt/nating Currrnt 
.Machinery and need not here U j repeated. 

| 8. End-bell leakage.— The cnd-cunncctions of tin* exciting 
coils arc rrfaine^ in place by emTlfclK^for which nickel steel is 
usualh’ employed, tfince this materials*magnetic, and the edge of 
tile 1x41 abujs against fty- rotor IhtkK' or is separated therefrom 
only 1>y a small intervening air-gap, linos of flux escape horn tlrl 
dips of tl^e rotor teeth and from the curved tip of the pofo-ccDire 
into the egd-brfi. They are thus hist so far as any useful action 
is concerned, since they do not pass through the air-gap into the 
stator, but comylei^ their j>alh through the substance of the end- 
bell and re-enter the tips of the rotor lecth and jm>1c- cent reminder 
a pole ntfoftxisite sign. The amount of this true ltakb£c is very 
tuasideral>lc,|and thereby a further difference is introduced iH'twwn 
the non-salient-pole and salient -pile cases. 

The coufsc of the leakage flux over ;ujpdf f»>Je-pikh is indicated 
With a few cqmpotcntial lines in Fig, 310, which sjpiws the portion 
of the bell at tfcfe cad developed on the flat. A first estimate of its 
total amount can lx* made by taking d somewhat smaller value 
tlfen ( AT, as acting over the half looth-pit'h bctw&n the line% 
AB' and 0<b Ytbtn the ,477cm thus obtained the density for the 
steel employed is found, and this, v^)icn multiplied by the arca^f 
efoss-section^ gives a figure fOr 1)g? toil leakage. Assuming 
certain values for the potentials ofwach rotor tooth at its tip* the 
process is continued, ancj Vhe difference in Upvalues as each tooth- 
pilch is passed is regarded at th^Ieakage of the tooth*pi*ch. When 
ftfe AT acting on each tooth-^ifth hks reached its minimum, trial 
must then be made as to how nearly the remaiifing flu/can be carried 
Yound the cuy*ed paths X£ the remaining'differences of potential, 
afte%the manner of Fig. 310.* *Ad just ment of the equipdtential 

» A* jrop&asd By Neville i* the above quoted paper. 
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maximum flux that the potential# ol the tooth-tip/and pole-cenfl% 
can ca\fte, 1 tlrenerafly the section,of the end-bell on the plane of 
maximum rotor flux becomes saturated^ a densit> jf some 18,00<? 

» See p*p*rf i>* ik* Dssig* of 4lUw* Mimg Cumnt Madtinlry, pp. 198-301, 
for Jufther details. S 
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• 

to 30,000 CXsS . line* per fttppn. The longer the rotor core,*ho 
ks% the percftitage loss of fwhy leakage in*> the,end-beHs. * 
i fc ol the fitn-demity (Stre.j-'nie import a me 

of the fundamental in relation E.M.F. has bit einpha- 

sired & Chapter IX, $ 14, and it is evident that jt^is mainly depen¬ 
dent on the height of the flux-den sjty curve over‘the JUt portion 
eorresjfcnding to the pole-cenfre, and«rt*t when this has been 
determined, the value 'of the fundamental Miliars with but little 
range of varbtiotl for £ given gatio o. % # * 

If the AT expended over the rotor and stator coics and teeth 
increased in strict proportion \% the distance or minder of teeth 



passed a\w r e proceed from the plane ^ maximum flux, 47',, ami 
the densify in the air-gap would rise* as inclined straight lines repro¬ 
ducing the $M>in£ sides ol the trapezium of On reaching 

the unslotted pole-centre, the. effective Air-gap length changes front 
Jf7, to some smallerw/alue K"i at so that with some further constant 
loss of ATj>vef\he stator core and teeth and rotor pole-centre, 
deducted from IXmft* the remainder A i gt will add a rcclangl/ of 
41ux over segne fraction of tlie pnle-jutdi.t The. point of rapid rise 
of the density may be fixed at the centre of the slot nearest U) the 
unslotted pole-centre. If y t =* the pitch the rotor slots in 
electricafradians, the ffet\ortiBTi of the flux-density carve extends 
«#ver an angidar wTdth in fadian# of (1 i$a')n - - fl -<r)tr -f y a , 


« Y. 


* and each sloping side ovy a *idth o' ^ * 0 2~2‘ ' S ' * “ 

• # • * *# 
c& t or* if ^he slots are^pilclidri %s for a numher s per pole, 

* * * 
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• 1 * 

m, a j- The flux-density curvelhen has the geometrical shape 

» 5 ♦ ^ 

of Fig. 311, which may be split up into a trapezium of height and 
a rectangle of height B/p the two together making up the height 

•n L i • Z 

n § bw ( ft 

9 The general expression for j trapezium in which the height B 9 
extends u\*r a fraction*N o' o( # the pole--pitch (Fig. 312) is 

H, ^ x '^sincr '5 snvO* \^ 3b 1 'gsmJO/{• .. . (137) 

and the general expression (or ;* met angle of height* B* extending 
ojttr the same fractional tRe jH>le-jfiteh when the origin is at a point 





distant rffl of t lie pole-pitch away from the Vde of'a rectangle, 
»,*. midway between two j^c tangles, is .■ * 

B m «- -B t [cos </ - sin e £ d - cos 3a - sm 30* f N . J . ( 138) 

pie value of B M for the combination is giVe* by the sum of tte 
two expressions, and the amplitude of the joint fundamental is 

. I B,'^»V2j .. . {1385* 

i 4 

If c.g. we assume a — frds. and the slots arc pitched as for 12 per 
pole, as in fig* 308, o’ = -^„ 

* B n = 0-866 B; »f- 0f088 5/j ^ 

1 See Dr. S. P* Smith end R. S. < 1 . fiAjdhr, *' The Shape *of tiw Pnfton 
Wav^I q»E lectrical Machinery/ 1 Jontn. /.CTlj*Voi. 5 ^ ppr 2 ll-I 4 . \ 
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Although thcfomers of the rocjangle and the iunclures of the slop¬ 
ing%ides with it are in realily^nfynded off, double value of the# 
flu^density 6 m th? line of tlse juncture indicates that'at this point, 
the satpc value of AT, divided by K’f, a!id Jjy K w l, yields the two 
values B/ and B, w . If the ratio of the t wo vaiu#^ of the effective* 
a ir-gap # length bt\*as usual, abyut fr955, # /V - 0*956 1), ?nd • 
/V = 0-0448 B, Thence • # • . ♦ * 


# B tl *< 1 jo'82h'+ 0 027^ It, 


# • 

N«( 


•-T MX? B 9 

■ * I' #V 

Hut the atxiVe cast would only be R-pryflujed at low values of 
if,•When the teeth Ixjcome Jiighly saturated, the sides of 
the curve become strongly bowed, <fr concave the Horizontal 
axis, o^ing to the increasing proportion of the total AT extended 
\jver their reluctance, and tlie height of the rectangle Iwoines 
proportionately greater, Both effects a^e ilhisliaUnl in big. CiU8. 
for which the amplitude of the fundamental fsh<»wn dulled)* is 
closely 8800 as compiled with 8200, ix. ll, x 1 *07 

Jt, mm . Hence fur purposes of design, li fl may he taken as, sa^. 
.1*09 to 1*05 B, over the* worfcmg range. At no load under 
Tfull load* excitation—a condition which may require to be tested 
in order tt> calculate the inherent regulation of the alternator-- 
may sink to equality with B, 

110. The practical jtfoe«n o! design—The w< issity at iJuymtset 
for a provisional estimate of the total flux has birn^ stated in 
’ § 6, and wc are now in a position to show how it can l>c quickly 
made and itftmediately checked, and the value uf V, ma « be thus 
determined for a given excitation or Vicc versa. 

Assuming AT, X -b A'l\ x aropere-turffc as expended over the 
stator core adjecth, and AT n -4- AT n for the corresponding items 
in the rotor core flp to the cquipotentigl plane A A and onwards 
up to the surface qf the unslotted pole-centre, ll># diffcrenqr 
UJ2- (AT ei + AT ct r AT tt ) — AT, acting between 

pole-centre <{nd stator face. Dividing by 0 8 A'*f r , the density B, 4 ^ 
found, which practically w'ill Jiolct over the pole-ccntrc or 1 - o' m 
of the pole-pitch, save for a small falling ofl towards its edges. 

Multiplying B, by the effective air-gap area over half ot the 
pole-centra, the flux in tt* sin^ section of tfie statqr cyre opposite # 
ro the pole-«en^e edge is otftajp^I. Jhe same value of A f, divided 
Dy 0-8 K'l, gives a value for B, f at the jun&ure of*rectapgle and 
i trapezium which cannot h>g exceeded and when the rotor teeth*re 
highly saturaA^dViU not be reached. Plotting therefore vjlightly 

• •• . 

i Ttaao$iitatlfc of tbs 3rd 4te*konk »bmn at the foot of the rWrai* w 
^06 mWl per cent, of the fundamrnui. 
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4|(^jit dynamo^l90 ;ja^upohf 
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Distributed alternator winding, 131, 141 . 
fold-winding, 592 

Olvetter, 373. 58S 1 , a 

Divided alternator coib, 144 « 

PouflAS, > F, H., 483*, 5)2*. 3J7* 
Drag, magnetic. I’fi/r Pull. 

Drift ofelectrons, 67 
Orivuig ofworv, 2H6 ; of active rmuliii - 
torn, 48, 53/325 

Drum alternators, hrtmqniltr, S3, l$o; 
ratio al uni-width n,. pitch, 142; 

• K.M.!'.equal i 165, 188 ; winding 

of, 201 : turbine driven, 444 

Drum alternators huuopobr. 27, i:tl; 
ratio of roi^fladth to pilih, 28, |:4’J ; 
double aniulurc, 1 * 134;* EM! - 
equation, 13ti; In queiu y ol, 134; “ 
field-system of, 135 * * * 

kJriun afmaturejlf 31, 3$; fciiniriiftioft nf 
Core, 288; cw-iIihcs (or, 266; «<«- 

♦ struct ion of, 270-276 

^imi ami.iurr winding, 31. 38. 196; 
tdi'iiKiit c»J # 168 ; hand of wuuliiic ; 
233 ; Jap'Winding, I'tJe Lap-winding . . 

vide Wave-winding ; 


jtfio wur 

Kkincdtfrft, Analogy tu 
battery, la; in 4iu)min, 16 


voJUn 


■1 

bjFl 


34,63 / 
Jaws and 


'iitdmg' 


wj st- winding 
number of mdepcndi nt 
206, 226 • • 

Drum O' u it in uouv Cur rent dynamo, 174 ; 

E MI. miiwuii', 160 ; Jap-Wound, 

* 166, 196; wave-wound. 17«, 196; 

* multiplex lap-wound, 2J6 ; multiple* 
Wave-woiuid, 223 ; chnFU-wuuiid, 214, 
*24; rise cdpotential in, 160 ; equality 
and synun&ry of parallel paths. 194 ; 
hand-wound, !ktl ; tiTruer*wound,331; 
•barrel-wound, 4t:hJ, 346, 349 ; with 
involute md-roflnvctqfs, 342 ; chon* 
of winding, 251 ; ratio id length to 
diameter of armature <>>ru, 395, 471 ; 
•adiat depth of core, 39S» advantage 
of piultipolars. 253* 

Duplex windinjfr 179, 217 
Dynamo, dual nature of*J, 2H ; definition 
ft, 1 ; as generating electric pressure, 9 
1 ; action of. 36 ; * fficiency of, 3.286 ; 
output of, i ; simple forms of, 2.1; 
dmifiettioo of, 22 j heteru- and 
bomopokr^JB ; unipolar, 2^ ^ 

* B » • 

ol armature in bore, 260, 
433*4, m • • 

fxWy-cutreuU, in jmulvn w 63 > 




Elect nviuagm-tic UKiJh k.« 
lxk4tn> m Alive luttc, 
cjuvgf $♦; tin k! need bjriitir-rnitmf, 
34; as rate Sif cntiuig, 39; .*vrJk< 
and IndautanoitL* 39 ; duvet ion ol. 

57; with rrctihnrar Jnofuai, 36; 
of kxjp, 137 ; j\ railed change ol 
lim'linkages, 64 ; (A) *&diic 11»mpfion 
»lhroU|(h magnet \rt <) ether, 66, 67, 83 ; 
(Ml awdu*-iL« I'lungc »»l magnetir slate 
t«l I'lfirr, ii. 71, 76, 83 ; t<f Uv|i^t 

Sll^viidj llejtl, 139; *-| helrri»]Milar 

.iliemaft'ir 6T terms of htnd.tmrnu! 
g.md turii|i«iii % '<1 ?irkt, 136, i|^|miiis 
.ifgltdal flu*, I6li ; n>2n|MRv4l »•!, in 
•iltr mil.-is .uid •■nitmuimx-cur rent 
mar Junes, 192 ; <«t t.xittird armature, 
76; ol wlt-mdiulmn, virfc ,S1«- 
inrhiition ; imptevv-d :iml ic^ihaii^ 
87, H3, I UK 

|J| iifi>'fti.iiv<' force equal inns, 'SH, 
n2. %4 , of lv.mi>p«>]ar a I lr maters 

f ram. 136; nf r c*iutn)tnnis-i‘itnriii 
vjulUd's. general, JK9, 191 ; ui Jap- 
WhuiiiI i I rum, 2fN. 2:12; nf vav^, 
wound drum, 277, 222 
I'.l'itnjit, fhilL ol, 68 m 

I-.IrcUoplalmg, dytMjHo for, 376 
hlenient Ilf drum winding, JHK; c|r.* 
incut -pilch. 2 In 
fmtiif, FtiU, 75*i. 82*i 
I. M.I', i.urvc <d jltrru.ilori, 139; 

analvsis <d. 132 » 

Lnil-In IN, ;W4 ; Jeakag*- from, 599 
l.iid ootifiectinns of drum* aimatincs, 
233, 332, 34(1, 343, 351, 3«:t ; in 
alter luititfs, 144 

l.iid-piay ol shalts, 3h? ^ 

Kiiergy, vleclro-maRnclie, ol field, 54 8 
l.iiKiinaw sii-ain, K*iv*-rnor nl. 389 # 

ICquxI h.M i■** in paiallri paths id 
armature, ]95 

]■'. iili.il)/-ing i-oimcvtioriOkii armaiurr, 2:*6 
UliiT, ; iU'iviug ilr stationary, 6H, 
69; Rlxrisi's in, 88, 9fi_l 13 ^ 

Lurcka wirt-, 3H1 • 

ft'/evg/J, Jf., 406*1, 424** 

I-volute cQd-omuectors, 332. Vide 

jjivopjv. 9 

Km* f, Krf, theory nf magnet ism, 424, 

4^ ; hyiercsi* tester, 

L»<Tt»tkai of firld-magnclt, HS.^wult 
Self-nedgtion. Shunt, Series, Stpar* 
arely-eicllerf, loiiiftnund-wound* rela- 
tiort to K.M.F., 9:4P7^Mir Amperi- 

Exploring o-iill 4 

Bxtvofktn ooefccwnl of ar*gaplan£th t 495 
External t^aracteristic. Vii4 Cha 
teristic carvel. 


iirat- 


r * 


^ S6b ■ fit armtfUTW com, 28$ 230; •Eilemal circuit, 
ta ; in pufc-pkoe*^ . # 

+ Fvmdty, 3/.. 3, 26, 34, 56. 64, VJm 

1X I 57 Fefkheimtf, C /., 4 * 53 ^ - 
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FUMvnu inetip, 4 ; of Ir-igKt amttl, 
v. fli o] loo?, 8 ; of ^Inoid, 7 ; of 
k Aorold, 7: with, iron cq«r, 9; siruc- 
lurelet*. 57, 79 ; sHI mfuced Ji.M F., 
dun to alteration At, H5 ; energy ttnred 
up ui, 88, Wf, 346' xyufnelt Nud 

S dutribiitioci of, tn dyn^n, 483 

iaJd-nuiturts of jWnamoi, 20 ; three 
pJrt» of, £>. 478; multipolar, 140, 
438 ; of Jwlrropolar idle rut tors, *48, 

| 4fi: of noinoWar alternators, 24,, 
IWJ ute t* rial of* 407 ; comparivm 
of hirpal iron And raid Me* l with 
caxt trotw 435 ; ixunjioxig', 435; 
Milit-nl'puli* i/i<l mm-salient-pole, 439, 
443 ; mruparioxi o f two* amt four* 
pole, 2,43; hirfurliuii ill, 434, 5li9», 
JLimts hi, 448; JiNikagi^ ffi 4 l, vide 

ileakage ; Vnglh of, 43A Magnetic 

pulton, 447, 454; sqJiijft. of, *438 ; 

i»ro|xirliormiK at .ifra*, 4*9, 4HO; 

xhapi^g r.f ]iD|i-']>it-«<-i, *4H9 ; syi%- 

metry ofhctd, 453 ; throttling of fi.i 

in, 440 4 * 

Fir Id-magnet roils. 20, 438, .539 ; r>„>h| lK 
arirfacr of, 438 ; spook fr,r, 540 ; 
length of, 438, 537 ; wire lor, .532, 
-538, 5*4, 572. Vutc In-id-magnet 
■wind in it, Healing ^ 

IVM-miguci winding, e.ihnl.ifion of 
ampere-turns lor, pi .U Amjnfe-tifn.; 
»t«e of wire, ,518) ; imat* length of 
n turn, 834 ; volume ot coil, 838, 553 , 
on Ji. m *s.ihen I *p> >Ii' marhine, 592, Ho!|; 
Weight df wire, 534 ; rifecf of hr at in k 
on, 532 ; two »».(•« »f wire, 55a ; 

* Mdf-Induction of, 549; v\Ue Sell* 
excitation, Series, Shunt, ('ompnmid- 
wouufJ, Scpar.it«-fv-exdln!. 
btxthrr Hinnen, 485 * 
i'J.ink flnti|p-,'4M8 
FUt-riug. Yttic lliMKiitU ring. 

Firming, l*rnf. ). A., |Un, I52w 
Khir.tnation of F.5t.F. it; « losrcl-riroul* 

armature*, 172. (75, 18H, 1M[ 

FIllX, magnetic, 7, It); rnrvrs of, in 
d\M»ino*, 828 

I'luk-ileKvlly, 7; in armature cf tv, 428 
507; In tield*m^m< n, 434 ;.in .or* 
imp, maximum anti average. 48, 49, 
3 W; in *!o(ft(| 52; in trcti*. 39 H, 
411, 488: Curve* of, 401. 4m> ; uy* 
>f. 479 % 

fi'luX-dkteibulkm rurves on no load, in 
miieilt-polr machine*, 588; tn non* 
•alien t-[*Ue liUU'him'S, 592, fund a- 
mental of, 89 L • 

Flywheel, analogy to *elP induction, 
83, 94]*wri||nt of, a* Iticreainij’ 
tending moment, 292 » 

Force on conductor, 49; equalkm* for, 
42 ;* on bop, 44*; on Armature c«xi 
► doctor*, 45 boiftnothrd anuaturr, 50 
Fogpd ingot iron, 407, 434 « 

Form factor, 50, 140 • 

J’onntn, <br anftature oaUf. 331 ; for 
add JUfwt ©oil*, 539. Vide Field* 
m*tfuet,%on» and WimHpi, 
I'ouuufPcunrnti Vide Btwy-current*. 
Fourier's tbrorrjiv 152 t « 

Voqr*pq|e machine, its a cl vantage over J 
253 ; design of, 595 


wit ir 

r^qucacy 


141; oi 

_ „ _ tor, 1 54; of <f«tfa«*tt»ct|rTfai 

# uyoimt), 432 ; of twteeopoUr %ftcr< 
4 nator, 148 k I 

: Friction of bearings 9)3 . 

• I ringe of air-gap, 19,30, 482, 5M5 . 

; FumUmentai eriuatuxis of dyumni II, 
42. 49, «b ^ 

FuniUmental At fluaihuiniy curve, 
t 163,891 i- 

Fundamental of F«\f l, curve, JB5 


SnAjsihmult, H , 5^2 
tioveriit.r of % team • eng im- 


JI* 


MU 
Fr Jr 


Kmg 
f ullenyitor wind- 


(iniiuiiie wm.iuiK, 

wAiduig. 

(grouped dislnhutl'i 
mg, 131, m 

tiiin-inrl.il, ,i> j magnetti' insulator, 13, 
4<8I 

(iim-inelul huh for ring a^inatufes, 32 ' 
H 

JI, imigneti/inK iuti-nsitv, 8 t 
Hagkt, /!.. 495n « 

HaU-elov d sluts, 328, 495 
Hand formula) for direct ion, of lun-s, 
8 , 7 ; tA jn.lgHKtie ihilt, 41, HI ; of 
l]MF. 57..KJ 
Hand id tvtndmg, 233 » 

JJarim> 481:1 m Ji.M.I'. wavr, 152; of 
tlux* Wav**, 1*KF m * 

ll5rtuoiiii' function, lit), 297 . 

flay, i>r. A., 482. 492, 494 497 * 

Healing -d rojmmitjtots , 1 355 ; l^v 
Mldv-nirretits, 280 , idr Kddy-cur* 
rents; hy hyslen-Ms, 415, 433; 

id heM*magnet coils, 437, 531, 538, 
555 • of poL-pjecr *,, 326 * 

Hefner A It meek, \<m, 31 
Heir-Shaw, iVu/., 482, \95,»4tt4, 497 
If cm it route r.>ils, Uhi * 

Henry, H 6 * * 

tienng, f'arl.SSn 8 
Hr trio polar alternator, 30, 34 ; ratio 
of pole width to pitch ,ji4t ; of cifll 
width to piteh, 142 ; b |f-F. in term^ 
of fundamental aid harmonics ct 
licltl, 158, 105, in terms of total ftul, 
186 • 

Ileteropolar dynamos, definition of, 23 ; 

cniilinumiviunrfit, 17h 
Hobart, H. 1/., 497* * 

flfitJm, 427 • . 

Homopnlar alienators, amm, 27, 131 ; 

disc, 28; E.M.F. of, J36; U-wlcm 
< flux In, 133; pok^pitch in, 139b; 

type* of, 133 ; frequency of, 134 
Hofuopolar dynamo, definition of, 23 • 
simple forms of, 24, 25; with field 
w uniuftdl In path of mov*meat (Claw 
1. I, 23, 68; with field mm*- uniform 
- tin path olSioverngnt (tlan 1.11), ttU 
¥.11,F. of, 7F, m; oottttauoW 


,F. of, 79, 11b; 
current, 23, 127*180 
Ai^4(gtos, Dn. 7. **4 E., 
^ or cull equatioo; *X 

•jgoesepoww,^ 


00 magnetic^ 


owe, Prof. C. IF. 0£ «8n, |2«»* 
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Oil 


i < , u uvnuu 

»5, 425. 4S2 • • 

Kyiicretic eoostuit, 419, 421 
KtmmiAr, magnetic, 399 

* 1 

tmpcdannr, 108,112 9 
Imperfect* magnetic circuit. 15 
Impressed fi Mi., «7 ; «,ledu<ii.-ii 
curve for, 93, m . % 


VLik&a*** 

Kilowatt, a I ' 

a Kirch ho ITs b\4. 522a 

# Kottvn, lb 42^ 

ft 

y r t of wM’illliUt thrill, 86 

lag ail t> Clf^iii hebuid impre**>U 
• K.M )■ , 93 ; ot iiffsrttt, 97 ; angle#*. 
%, t00 # *02 # ^ 

* f of ariii.il iuv#t‘orr».« 268 ; 

• of urjn.iiurr 4>af'a63; ol }*»b’^, :*46. 


curve tor, 93. 108 % 474 «, 

n tiidu«ancr, 96 ; ofp, .fi, 96 ; o| «inbii a f »mmr, tl. <• , f;m,446*i * 

102: of short-* mulled wilmi, 191; 1 41' wuiltm*j r 174. 190. llftl 21*2 219.252 

in alternators, 102 iMtht. D>t* u ., 3»4*. ;WK. 311.315* 

Induction, rkrlr.i -AugridV, 4, 54 , «•! luiid*-*. 4ftil ; rffrrt of, 536, 583 

Induction, HUguelir, 4 ; imrs ol, 4, 6 ; 9 J/*.«diifte and^r;nling, 52, 453 

unit of,*4, 5M ; rvh'mn <»f hvv(m>h IsMkagP, ulicm ti< , 16, 45ft ; m mi-V.* 


in alternators, 1U2 

Illrtuction, ckrir i-Aagrid’ir, 4, 54 , , 

Induction, nu^urtic, 4 ; imr> ol, 4. 6 ; 4 
unit of,*4, 5M ; rrt.ition of hv>tm>i% 

lo« to, 4(9; m armature cores, 395, i*-Lir iF^uitiu', 451 ; rdilhin to Ml* 
428, fk>7; apparent and re.il m <4 iHj<kmr*#l8; witFi 
• tool lied* armatures, 39(4, ,*>!, 509; polrs, 451, 523; in ■ ud-tn IK 59ft; 
ra air-gap, *47, :19ft. 505 , 49J ; <li"* •njatmii !•■ * iUImo. $£1? per- 

t ohm ion of, 13ft. 163, 453; in Held- Jncume. 5lo, 5124 iiu-.iMimivlit of. 
inagn^iH, 434, 5lJft *522 ; as .iff. < t< d l*> .mu.it lire re^dimi, 

4 /kIuchvP nrcuit, 92, 102 523; mr.o>uniH*iils of, 

U'liKl(4 ultcriulors, 134. Vitlr lh'trvv 522 "* 

polar ahritialiirn. t rak.ig* o»lb<unt, t, 520 

Inertia,analopfioM-lf-iiulud mi, 95. 116 IciiA 61 

Inequality of |-:.M M's til tap-wotin«t .Jmte-c lUting, .is run** <>l JC.M 1., 22, 
multipolar, 234 • + fctjV*. 71. "8 ; in iMH^iniii rt, 74 

Ingot irm, 467, *434, 435 *, 1 me-integral .,1 m.igiiMu: lorn*, H 

Input^ a I iiu'li, 319 

iml.limity, magnetic, “ rtyouiuu 5t«\ I huh 1* ii, 5 J * 

<n»ti}4iin« mutrrtuK, 310 iJhi^sof in<luriu«\, « ; ihvlif «i^jslKrt fiont 

^hoiltttioli.aol .iMllaltiri' r.«r< <, X7 ; linr* u( tifir, S ; as iliyil c.ihyi*\ 6 \ 

•b^twri-n lyninai <.t arm.itur<- tori '-. jm»]i« rtji v ui. 45 , 

270; of frmatuiv Imlti., 28*i ; of l.mr-lirik-igi s. 86; rat* - of i.Ij.iIIk*' of, 
arnutUTi- mils, 32ft, 337 ; of c ..ih r auv of I- V I-.,64,78; m l-mlhctl 
vut*. 2*2, 330 ; irt 32H, 33J ; |«v .irm iniri', 8f; iti liiiinopobi>, 7ft; 
of *,p;try bv, 32%; '.► o|mni*.itors, -ilol v IbinuiH^il J-. M.l , »l # 

378 ; of UlKHd'lolihilil', 54H 1 mso<| ml, 321 

JosuUtion, J*^4.1 jnri ol .i riu.ititr*-, t*84 f nmfi/.inr, K , 2?4n, 28ftrt*2ft5u, 362it, 
m Imitator*, magurtir,'13 364n. 372n, 46ftu 

♦ittriisity, m.igToUi/inc, 4“l l/>hv> P 41ft. 42f, 423, 424 

Til tensity of bi-l'j, 8 9 Jong'limit -oM pout id-winding, 578 

Intensity ul nugri<'1irati<ai. ), 404 of aim.tiurt’ miolmn, forjualMi 

fnlrractinn A two be Ids, 43, 85, 8ft of, aL 31, 36 

Interferric glp 1‘rJr Air-gajK. f/'s^H-Ti rtviiamo, 3; in fw-M-maKind 

International lMrr1rotedmn.il 0>tn- 437,537,5554 570 ; in armalitfck, 

mission, 532u •* 5 <j 5 ; in st- d «t)i«xts r 422. Vitlr 

Intcrptdar fringe. 484, W5, ,5ftI Hvdtresis, J-ihlyn llrrut*. 

Interpoles. I'fir Conimuiatmj! p«i]r*. I iibiniiti'iu nl Ir-armgt, 3tK<, 314 

Ii»oliitc end-cl*»rs. 3.%£, 342. 351 /.p/*-/a. Dr. 11 ,26ft * ' * 4 

Iron, iua«ietic pr->pcrtirs of. 12 , 4W. 

405, 431 ; flmf-detwrty curv**s of, 4«6 ; * 

wrought tmn, 407 ; jha^i-d ingot iron. Mifrl, fVilm, 1ft; (w , iiniin*nl, 4iki , 
407; cast iron, 405 ; 5*c armatures, M tjyn.tjfins. Vi4e r»*W'inagm , h 
*409 : amulu* discs. 26ft 9 M.iwiri-oxif. sei lion ol, 4,'W^fcngtb of. 

J >fagrH-nr citVTiit, 1ft, If, 14; knpAftcl, 

553 a ; (cniapmi f'-r, 481 ; diferetn 

I, in iiuipiefic types, 439* fomtl|}i,448 

9 • J Magnetic &rkl, prnperiil^ of, 4, 4* 

Jtb %>f, 302 ; length f!,» Morage «l inergy in, 88 , Mi; 1 -inda 
-fetiob, Ln bn cat km menial nn* liaooonits of. t63 

4 4 Magnetic haMming, 3(w 
X* 0 MagneUc fbdact vn\ . Vide <ndnrti' 4 » 

ulAt, 4M • # Magnetic fnMability, 563 • 

wuiiton, Ma.Ny jidic iquilat'ifs. Vide I nib Filers ’ 
£*b ' ' •M4«tk iMkage W* U»*ft»r 

re JStjW, 3 W | fP 6* Magnetic potenltal, 8, 5W \ # 


Joints, eff 


AL G. t 353 a 
ecf of, in magnetie r%cu 

ftltngtb %f, 302 ; length 
id* Frfciiota, Lu bn cat km. 


r , 

COCTHKlll. 

atorMF. 









Magnetic pull. Vide 
Magnetic reactance. 

Hjgact^tttuotkxi. Kl* S*ant too 

screening* <17* . 

Magnetic tMeJdMg, 80 r 
Hunftiuiifn of Iron, 401 ; curve* at 
flux-drnwity. 406 ; 'nvilMubir theory 
of, 424 : In dynamos, b&it drgrrr at, 
VjU Inducing. ♦' 

KaJhrftiung to trinity, H, 401 , 

Mafniril«m, gpidual, 402, S4J? c 

Magnetomotive forge, 8jf>; ol arma¬ 
ture amperr.turn», WO , of fieM- 
niaimei,* 447 ; fra pen mu of, 592. 
Vide Ampere-turn* ■ 

Hiuatirtr bf«Cz<*. 3H4 
MitwtU. Clerk, 3, 45, 447h 
M echanical energy abv>rt»*dby dynamo, 
47,61,73, 2H8. Vide *^ jflrc k ucy, 
deal pull, Vide Cull, a/gurtic. 
Mechanical torque. . Vie*f, Tniqurl 
Medium reshlauce sheet sir*I. 410, 423,4 
Mrgatlhs, $9 i 

Mngomit, 3J7, 329, 379 
Mia, 317 ; in commutator*, 374^ 378' 
Mlcanlte, 317, 328, 370 
MW-cylar theory of magnetism, 424 
Aforder, IV. At., M 
Mntfi*, i'ixpt. 295a, ’KWn ft 
Motor, elerlriL', til < 

ft. Vide I'crmrability. 

Multiplex windings, 216, 225, 25.S 
Multipolar alternator*, 145. 

' Alternators. 

Multipolar ro« t in uo us-current dyn.iiTin*, 
36; wifti drum armature, lap-wound, 
176, 178; with drum waw-woun«l, 
178 ; radial «k|»lb of core, 385; 
Tonality of parallel armature paths, 
184; advantage of. 253 ; ratio of 
length to di.iiurtrr of armature, 469 
Multipolar magnets, 145, 438, 443 ; 
symmetry,of field in, 454 ^with single 
exciting coil, 134 ; proportioning of, 
435, 448; knkugr in, 451. M9 

*. N 

Nf^iw work in alternator*, 86 
ttenU*,*., 165*, 296*, 502-4, Hh 
Nickel, 12, 13 ♦ 

Nickel xleel, 3(W, 4u5 
Nidhammer, Dt± 286v • 

Non-salient-pole alternator, 142. 
k.446, 582 « 

1 Koefgerat*. ). F. , 130 



438, 


nerstedi 

on 


o 


b» katotad cant, TK \ lot 

\ MO *< 

jy^i dh**» *t tf**i*t wttdtofc 
w VttenUtorx, 157: ba costthrton- 

• current dynuDW, 173- 160) nccesatty 
for equal rtiMnitei and induct **>ccs, 
193; fur njtiil Kif f.'i, |I5 ^.lumber 
of pain of parallel paths, 206*227,251: 
with muiripolar field, 465 

Parent machine*, 239, 560; bipolar, 
240, Up, 241, yavf, 244 ; n.jjlipoiar, 

P*nkall, ff, #n 497a . 

Pallid niagnrtii^.ff’i curve*, 455 
Jwfcstals, 311 

• Percentage fluctuation of F.M.F., 

186 4 

' EYreentag* varulum of EM L with 
speed, 563 

Periodfeuty of alternator*, 146, 


Vide 

118: 


•i V 
Vide 


rtsledl, N. L\ t 39 « ; Powell, P. H. t 462, 492, 494,* 

1 for bearings, 309, 315/ throwers, ;• Power In alternating'Cijfrcut ci 
3J3'*THknt*. 314 % 1 apparent, of alternator, 98 

Vd linen, 919 * I Pawer-laclur of alternator or c 


Frequency, 

Periodic time of oscillation*. 

undamped. 121 ; damped, 122 
IVripfitMl speed of cnmUinous-curmil 
dynamos, 95*4 ; as a fleet log cooling 
surface, 436 * 

Prnuanrnl magnets 13, 406 * 

1’rrmrnbility, 12, 13; of air, 12; of 
iron and steel. 12, 400f 411 
fVrmuanea, J2. Nr of rnr'gap in smooth 
armatures, *82, m toothed armatures, 
480, 496 ; of tn lh, 49? 
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/"PREFACE TO T^E S TXT * 1 ) 1/11 ON 

" « 4 

Ik the interval Since the publication of tl 1 e<Jih edition of ihe 
prefrnt l»nok«l>ul few striking changes in the or manufacture 

of dynamos and wltrrnalois haw Ihvh made.* The mote euUMUKal 
of materials and higher *}#rds Way jiethaps have doubled 
the jmavct obtained from a nun him ftf fjiveti weight nr omipymtf 
a j»iwn tl<Mir spare, hut every*advance ha- Urn umi by tlu$r 
at tin lii ^ to minor improvement* in delaik, unless the wider 
adoption of artificial ventilation in modem Injhspeed nurhines 
l * 1 claimed as a new depart me iti principle. J « »r erhti *k s <a!mil 
work the artificially-ventilated Imlm alternatoi lias continued 10 
oust its engine-driven rival, and the »/.es in which it js mi. «rsshilly 
manufactured have very greatly inc/fcisrd to meet the glowing 
demands for jiouer. 9 Ihe p*>gte>s of electric generating machinery 
has indeed Ix eti mainly towards units of larg^ nn^l laigrt c.ipaeilv. 

In I91tf l*rc»| Miles Walker summarized the I lull [xiMtinii in tfie 
following worth- 

" If«we look at the growth in the kiW.i^i rapacity of marines 
during the hea thirty yeais. we are driven to the conclusion that 
the kilowatt citpa of large units indhe immediate future wilt 
lie as great as ht.OOO t% Sf.INJO k\\\ In the year 1880 a J0-k\V 
machine was considered large:! in 1885 a HKhkW ; in IN90 a 
mkW ; in 1895 a SlM-kW; iiMWHJ a MMW-k\V ; in 1905 * 
5,000-kW , jn^!910 w<* have r 0 OOtlkW steam liirbiiio-jjriveii 9 
generators •and l7,(KK k -kV.\ water tiuhiur-driveii gencrabfK ." 1 
in spite of thy -interposition of the great win? the progress lias 
Uth maintained, and now*in 1921 we hav# 40.1 KX) kVA single-unit 


sl^am*turbine-drive 14 alternators 2 and £2,5llO a kVA water turbines 
d»ven attaint furs. It >voiiM, f hnwt4ei J afipcar tlntf, a hy!>mij/ 
shortly f>c anticipated, et*n if it 1 * only *cmfM aril y. 

But as pointed out by Ur. Ilamj |Mm )\m jieiibnrg 3 s*» long 
ujkts 1911, the rc^ ^nanlem*" development in elei rfjpal generators 

• / ^ ® 

\Vf*45. 11 . 319.1 * 

* And 1 # r*rr cAsqp evnf higher Cp Lo # Su,0UU U'A.fOjnnon <Wlt <.UUin» 

of the Drimii Tdiyn C"n) awl fln.OOO KvA {UhrimsTlf WeMhiliMJic Rraftwerkr, 
Cnk>grnd. 4 ^ •* * 

• “ Chantktcriadir uud tucdiftiusche lligciischa^en fnudi'rJirr'fa^irtrultjrcn 

iiubewnilfrc srfcVr feAbAif Tourentalil/' Tana TTmrnate.ua] r<intri-ss. 
Se|H. Wl, ? ' 
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h not $o njupJi the output 'and sia* of machines as the disappearance 
of the limit at u fn% whtfk s#lt» formerly regarded as restrUding the 
\hwv.t that cohid be developed Yfr pole! this has fycen entirely 

due Ki.tyr rtenpinds of tfic steam-ami the water'turbine. Two-pole 
alternators tyr .12,500 \W or mortal 3.000 revolutions per nun/ 
hnd a fmpiem^ of arc* now in esc. andSnachines of 16,000 k W 
{20,000 MVAri** Off ^»ower 5 iactn»}«'it the same speed ore propose^ 
itt I M2 1, On the other hand'low-spctji alternators and continuous- 
current gi-wrators'iiavc again to a limited extent been called for 
in connection with'Diesel and sc^jii-Djp'wl oil engines! • 

In spite of continuous ami costly rxiHTimenthg the directly- 
coupled contimiouvrufrenl turbA dynamo ha* succumbed to the 
medium s\xt< l generator ^driven by the MtAin turbine through 
‘mechanical tcdyi lion gearing, orlto tier competition from the 
rotary converter fed from .m altmi.itmg-cunretit transmission 
system. Hie output*of lhe eniitiiiuoiis-riirreiit machine remains, 
tlwrefo**, far heloiv that of iju- turbo alternator, and seldom 
rxm‘ib from 2^(NH) lo 3,000 kW, Neil tier the hornopuhir 
dynamo nor die asynchroiinFj> induction generator can lx; said 
to have found more than a limited use III spri i;il ca^rs up to the 
present. • * 

% lti conclusion, «t iyy safely he predicted that in the future as 
in the past, the course of electrical design and the tyj>e of machine 
will, in the main, be determined by the economical and technical 
considerations which giwem the power of the most favoured prime 
movers, unless some new form of using and distribuTing electrical 
energy, as f,g. at telephonic or even higher rfrlyucncics, assumes 
commercial importance. * 

Turning lu the present rcvtsiml greater spare has been devoted 
4o the treatment of the K.M.l* ijf lie dynamo by vectorial methods, 
the flux-curve of the field ^n'ing asMimci? to be r^soUed into its 
bmiftmenlul and harmonics. The theory of armatme winding 
has also 1>een le ciflisidered and expanded^-m botl^he above cases 
the iiirw treatment lu'ii$ largely intlncnTed by the pajH'rs of Dr. 
^ J\ Smith, publish^! in tb<- Journal of (he JnetidUion of EM trifat 
In the UAt •cdRion* Vie drum armature # havytg 
almost yitirely su[xusedet the nng firmalure, but little reference 
was made to the Utter ; in^l^e present edition tfc* drum armature 
in ft* toothed^ form is guVn shtt.grcater ft^jominance to^Ne 
practical exclusion of the oklerVnwotlf-core ^rmatmr. Yet not 1 
to flic extent that could have beet^vished^ it must b<*£onfe4St® 
that a tlfcory of the WM F. iff Ihe toothed drflm which will be 
complete knd take into account ripples in th^K.M,l\wave and all 
minor phWomena wjtfrigid accuracy Has ijpt jet presented, 
or, si^far as the writer is a wan* worked cjfit in a sirnti* form. In 
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consequence the student has still fp Jppfttacli tlic fuida menials 
of design through a iheorf of an ideal marine .which prtsup]*>$t*s 
a steady and unvarying field. that qjAny of tho segments 
•d<Muced from it arc only stri^tl? true of ;*• smooth-coiv ^mature. 
♦TJie writer has, therefore, con^ned himself \p a* fhdeavoun, if 
Chapter V at least, to indicate thf difi 1 W(ies*uf *he protein hy a 
‘fuller discussion of the actual physical cause* of .m induced IvM.K 
Kvcn if tlie view* there put forward prove tv W mistaken, it is 
Imptrd that they will re-direct the attention of vngineering readers 
to a fundamental and most interfsting purtfon nf 1J10 subject and 
suggest new lines <\[ thought ryofe in Mnsnjnwe with the theories 
underlying the modern study of elect Whs and of the electric waves 
with which radio-telegr;fphy deals. * • f 

As the slartinjvpnint for thr element.uy theory of the elec tric 
machine, whether as dynamo or motor, is Jinvv^'l.iftd the meeh.mh al- 
fnrec equation ; the " watts per rev. |n*r nun." bring lliw^lecisive 
guide to the size, cost and value of The rotating machine, il islnlirved 
that the tcirr]IMS— resisting nr driving* should fn* (grated as tJw 
primary and most fundamental proj#»‘y. arid that llie equation 
expressing it should on this^uvoimt lake prec edence u| tlic lvM.lv 
e quation, which can he derived from il hy iuc.ny> of the principle 
of the conservation of energy. The logical clrdmlion of the usual 
equation for the JvM.lv of the eontirnions-current heterojioJ.it 
dynasyo has also Ixrn give n more attention 

Other nevtfmatters that have Uen added in the present volume 
are a section on tile oscillation of a merJianie.il system as a Hording 
an analog)' to tilt eleettical effects of capacity and as lx*aring on 
the critical whirling speed of sh;|fts and the running of alternators 
in parallel a discussion of tin! compressive stress on the min* 
plates in highspeed rommutaloK-sm analysis of the unbalanced m 
magnetic pull when a rotor is displaced eccentrically to thr^ure 


of the stator—com mu filing polos and their leakage flux and Ihe 
winding of shn.^t coils with two sizes of wijp. 

•Th« symbols havg been allrred throughout to agree with those* 
r^oiiluiended hy thg fnlern^t^>nal#Kfei trok-ehnical Onpimssioif 
anti with the list publiiied ttnd adopted in I'apcrs on the /?rsign 
of Alternate C urrytt Machinery by Messrs. Smith* .Neville,* tfid the 
pgjfent writer. It ft hoped, that Ify ■this change Raders will be 
enabled to pass rfidily a»d wnth^it hindrance from throne l>ook 
4»*he otyer. f * 1 « » * 

Mr. F? Wallis having l>een TintHe, owi*£ to other calls on his 
time, to take part itypreparing either this or the last edition, the 
name of the present writer alone'appear*# on llie title-page. In 
so extensivflfk revrfkioif, «mdertakey single-handrd in the intervals 
of*other man^JSlips Jiave doubtless passed undetcctgjl. 



rffe' DYNAMO' 


via 

and niistal£4 must hUyer.rqpt in for all such me reader s indulgence 
1 miu»t again I* asked. * * 

My thanks are dm? to the several firms nfcd companies who have 
Wit gnciJ enough *to furnish photographs (or reproduction or other, 
\i formation fts^arknowledgcd in the text* to Mr. S. Neville fjQ 
• valuable ^ritii is^s and suggestions, and lastly in especial to Dr. 
S. I 1 . Smith 'for kindly und^rtaCifig the onerous work of reading 
the greater part ol4h& proofs. 

c. c y. 

1,0 PI" >H, 

Ntxtmbtt, lift I, 
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A • . 
AT . 
M\ 

AT, 

\r f 

A*. 
ai t. 
A t\ 


.• .tiujKTrs or nn 
-» ampere turns. 

<>f 4rTn.itf.uti/ or t'jik ampin’-turn* of 
^nniimtiins ■ um*i.t armature (i lup. \vi, i; 4). f 
ajn[Hj,- iniris of excitation over kill length it * 
# piiili in armature fore. 

ampere turn-* of ex< itutum dh a half magnetic 
• m jut [*>lv liap. wi. * li). „ 
umjKie -tm n- of r\i. itatioii over air gap. 

umpeieturiis of exoit.iliou o\Tf uy«* felit magnet 

VOtC. * 

JlllfMTvt 14111s nf r\< lt.ltli.il nVlT length n( o||t* 
tootll. p m 

-lllljMIV tlUlli of r V» M ,lt lull oVi'l half Jcngtlf of 
puth in yoke. 

half of ajn|>rri > turns of <£< iiution acting l^wnii 

* cs p hap. w i. ^ S). 
iitfitfncijr [H.tmti.il «*f i omumtating [»ole fair* 

'ainpeftr-tilliw <jf srl'ii* winding jmj pole. 

. ■ mnjHTi'-Minis of shunt winding per pole. 

, mimiici of pairs of armature paths ij-'Z (('hay. 

9 % ' • f 

projection at one end r>( ai nulnrc beyond j h fl tan*. 

- seriitmal urea. * 

. -• twice factional air;* of armature core l*|i»w slots 
* iiL s4|ii.iri‘ centimetres. ** 

. sectional ari*<v>( ;fir-guj» inSipiariyreniimetres. 

. - scctiolial afoa of magn<|i-core in square centimetres, 
i twice sectional are* of yoke-ring in sq. cfq. 

• r ■ # f^jcctitin 4 <if Mrfigtrt armature int from slot at 

„ one md fcq./O anti 84). * 

, ampere-conductors |m-k unit length yf urntihm* 

• cirruinf<Ten<*\* », • • 

al . . . fit static ampere-turns j»cr mi, length qf pat Jr. 

at„at m ,at t , it^~ specific ampere-turns pdr cm. length of ]>ath in 
» ■ armature cor$. magnet core, tooth and yoke 

r^pecJiveJy, 


AT* 

AT m 

AT, 

a 
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H. . . 

. . 

", ■ •. 

II,. ■ ■ . 

I 

It, 

*„0 ^ 


", 

% 

lit 

K 

H ti 

a, 

a. 

it. 

h 

K 

It 

( 


c' 


t«. 


pmjra 

« 

^ magnetir inductipn or flux-density*in C.C.f£ tines 
' l* r $V- rf » n •■ 

-•- fiux-dArity in {irmalurif tore below tq?th. 

flux-deiydty in air-gap. 1 
-* JhtVdehsity at point, .r in air-gap. « 
fnaxjmirui instant apunus iflix-density in nir-gapr 
, it u )poih? (t'liijp. xvi, $ 7), 

jim liny mi tin x-der inly in air-gap, aveiagcd over 
a lr hi! li-ryelo or 1 < h > tjppihh (t Ifap xvi, U 7} 
average (lux den^ty in^ air-gap. • * 

fundamental and harmonics nfc Hux-dchdty 
ciinr. ‘ r| * 

(lux density » 

, flux dcrisitV in teeth. 

itnmnvrti’d flux density in tceth^thap. xvj, $ 8). 
Jln^di v^ity in teeth at tup 
flux-density in teeth at bottom, 
flux-density in voice. 
t Hut density in Held magnet. 

Ix'hding monlf-nt. 

equivalent bending moment 

d.gnpMig force |ht unit velm iiy (( hap vi ( $ 24). 

breadth of arm of huh. 

ratio of pulc-arc to pule-pitelt. 

capacity in farads. 

no of eoils* or of sectors in « uitiruious-current 
machine. 

- ditto in parent machine (t’liap xii). 

half interpolai gap measured on (he armature 
circumference {log. 

- Iln. of Coils or sectors Jk*r slot, 

tali* of excitation of aii-ga^ lo rxejtation over 
half magnetic rimiif, ^.f t'JA T r 
controlling fyive per unit disnlaucmenl (Ihap/vi,* 

. s rf). ■ 


1 1 ) . . 

4 - . 

* .« . 

4, . . 

d . 




diameter of urinture. 

distance Ufwe^n atl^iccnt (^ic^rontwrtors in* 
r * barrel winding tyq. *83 and 84^. , 

“i diameter of joum;d ii| inaus. 

-- diameter of msuhitfd win*. * • 

— deflect ton of shaft or displacement of armature 
core ir$m centr'e. • ^ ^ • 

total thickness oj insulation on wire. ) 

-- diliert'ijee of temperature 
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« * ' # * • 

E . . . **= modulus of elasticity v 

Ei . . . » moduhig of dusyriiy of «apj)(»er.' 

-- modulus of elasticity of’mica. 

C F. t E . instantaneous, Virtual ar.d maxiipum iHstant.i»e j * 

nun value* of alternating li.M in volts. 

/: 4 . . inst;miane<m aiul wOul halite of K.M.K,' gen- 

. 4 crated pi*r phase in alternator armature. 

e„E r E t . instant-mums. virttial, ahd maximum value of 
f ini]MTes«.d alternating fi.Jt I-. 

E r . E, *. ihsUnUnnnis, rvirtuaJ. and 'maximum value of 
4 resultant or active f alternating 
*V f-». E, instantaneous, virtual, and maximum value <«( 

H M.R of self iiUi'm-Mon. o 

*'t. f /, E/ . - instantaneous, viriual, and maximum value of 

• • K.M .R coiivtiined by self induct inn. 

i . , . Im v of natural Jngaritluifv 

angular diftcrriice between • ■ ul )ut< h toil |w>le- 
pitch (t hap. i\. * 12). 

if . , hy>terelic ieiu (Uiap. xiv, tfK). 

dlitiriny. 

Ullgle of ?Ilg of dl*.]>l.i< rmrtlt behind applied force 
(t hap vi, $ £<). ' # $ 

turn prison nr expansion of commutator f«>p|x*r 
and rings p hap. \in f ^ ’Jti, 1T7}. 

• * f 



mechanical force. 

# tfltal centrifugal force summed up round periphery 
of cylimJer ft hap. xiit, {5 5). 
centrifugal force of whole commutator. 
hetpniKv in complete p rills p-r secomi (< haft. 

vm, # <j 5, and C hap, ix, tj f>). * 

H r (!j\ of \ and />, re. no. of rcjHtitiojis. 
mifnfiiC.il foice p r mill ate of cylinder, 
centrifugal force in -1 se»5or of t ommutator. 
s*tfr peimis^Me sljeaffillg stress, 
safe pTmi^siftte tensile stress. 


g 

?- 

H„ 

h 


. . * acceleration due O&^avily. * m 9 

. . - trica] .ftjgle of dlsplacement brtw{jyn two enjj*. 

* * * * , * • 

. - magnetic difference of jmtential irt (Ml.S. units, 

* or magnetizing intensity, 

. — lots by hysteresis in watts (rip 97). 

.• ” tpeqific fbss by hysteresfc is joules j>er cycle per 
/ * cap. («^. 96)1 

heigh; of copper commutator sector.^ 
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THB DVNXMO 


K 

k 


*i ■ 
/ 

i. I, I 


j 


- t • 

HX.K. between yymd C, it. the no. flf independent 
* windy's V'hajj. xi, § 9), 
tliiekiieCs 4 of arm of armafurj huh (cq. ^). 
radial depth of armature core blow sluts, 
depth of slot ifl toot tied anr^Uiur. * 
winding dc-j^h lx*t voeu wedge and bottom of* 
• , 4 
depth uf wooden w»’dg»* in slot, 

* * 

Uionlelit of mertiy , 

iiManlamoiK, vijtuvil, and maxiiimm values of 
nllrnyiNiig mmlit m ampere*, 
total current ti\ couiimiou.-t-iurfeiit armature, 
rpm-nt in externa! rin uit (i< M.S, value for 
.dUrn.ih'i) • » 

shunt <*ijten1 «*f eonhnuiiMs t in rent machine, 

virtual <i ih|mt 4 in any one ruitdiu h<r on 
■ annaluir 

intensity of m.igueti/.irion. 


A. 

a: 

A i 

*w 

*»'-■ 1 


k w k 

n t |, k 




v«4l*iW| I k Ii»i in f M.l equation p<8M of alter 
Tutor (t'hup. i\ k $ 1$}, k f . A',, 
extension iMi ltii ii-nt for air-gap length fi hap. 

xvi, $?). « 

ialio of iron > oil to net iron (rq 117t 
nK'Jtk ii'iit Ur inh rpular fringe4* hap. \vi. ; flu) 
roefliiieiit for polejli.mk friflge (t l*!tp. ,\vl. iHtfq. 
m ltirient for air duets {< hap. wi, ^ H< 1. 
kilowatts, 
kilovolt impairs. 

. f • w 

lieutyitf mrftii lent (Http. xvi. $ Id), -•■= l.£. 

ratio of average to nuxiuPlmt (lux-density ill air- 
gap^-- ‘IJn *Ur sinusoidally distributed field.* 

• ralio of to cultural ^undamped frequency 1 

ft‘hap. v< $ lit). * « 

fo«\* far tor, ratio of R.M.S. tAverage value 

# * of a varying quantify - 7r/2\^2^or sinusoidally* 
nymg quantify. 

-• differential factor. 

ditTerchiiJ! facto? continuous-current armature, 

= differential factor with sinih&daily distributed 
fiel4 iftiap. ix, Jt II). * * # • 

pitch differential*factor of^oil mr fu^lameqjal 
and Jiarinonics of tThxrf-uwr feq. X\). 
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l 

y 

l, 

i, 

i, 

i, 

^ i»r 

t., 

r. 


gross length oiyanmtfure one, t 
- axial length of <*naguct,fctbhin. * 

" indirtance in henrys. 

width of |K>li'-fncr along.axi^of \iiiu,itiiit' mre ‘ 
net fxhft length of iron (n anna litre cure, 
length of tmh on otttsidc inagml-eijil 
length of magifWie path in armature-eon’ in ini. 

« length nfmagnetic'path fhrnugh >ingle air gap. 
length of nngriHte path tljnmgh hm- armature 
tooth r * 

length of wagjietu ruth through one magnet emr. 
length of magnetir path \n yoke, 
mean length t.f exriliug I urn. „ 

mean length c*f series rxeiting ‘mn 
* mean length of cxtitii*' turn, 

length of journal in inrhev 

length t»i emk< onneefor af one etirl *ol ill urn 
mil |ii{ K4}. 

axial prop i lion of* winding at »ih end >>l liaitvl- 

wound dnini fni. MV 

* 

atigle of lead of 1'indn s. 

falio of ]»11 cli ftf mil to |Hnr-pifi li ft h ip. i\. * 11 !) 


" f iei'i 


iT^rd i'l lei in** ol vfclot' 


|ier mil tj.iv 

ajp (< hap xi, i. 1U. 

fil'd f »4iteh of armalno \uiidmg tin asmed on 
rire mn fere nK ft'hap. \iii, * -Ji. 
permeability. 

n K-Rieii'nl nf hut ion. 

eleetrkal angle of di»pla<muni behvrfci mils* 
]|^ emit innoio eiiMi ii! winding (I hap N* ^ N}. 



»< 

r 



• <* 

nmnlx-i o| revolution |* r rninule, 

lolal rmitd*i of tyii\mygnr| <oik. 
ttwill s]*r<lYd sclf-e\i ital jon ff’hap. \vu, % Jlj 
numlxT of phaM ^ • 

lyimlnT of iinkagv* of ^inbrjureil lilies with 
9 rireipl.'* . * « 

■ amid w of |i vMutions per semi id. f 

•j ininaN-r of aripsju arm 4 dufe lml*.* , 

mynkr of eon due tors Mirra M in one layer iti 
•slot. ^ ^ \ 

— tw»i}tfr of ;iir*diiets in arnlatnre mie. 

— number of layrfs of emulators in a slot.* 

: - lea&tgc •coefficient 
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p . 


»v 

P- 


\ 


I\ . 

Pm 

it 


£ 

\ 



<M4Q . 
H 

\ 

• 

H\ ‘ ■ 


V/wr ay/wwo - 


number of pbtes.f 
load cH»^H.*arinR # tn pounds, 
total uniWin magnetic ptilJ^stmimed up all round 
, qrtnajtire feq 98<0 , 

Resultant magnet it: jtull oii|f>ne-half of armature 
wtten its falue is'non-uniform (( bap. xiii, $ 5). * f 
mUgnetir pull alhr.nmd armature if supposed to 
Ik* uflifurtnfy at its maximum value. 

]Mill dm- to transmit tnhtorqur ((nap. xiii, § fi). 
unbalanced magnttic jadl (eq. 10!). 


’jH-riUeanrr. f# ^ 
leakage permeance. 

mmilx r o f, jJ.l »' paiis in !iytrro]>olar dvnamo. or 
• munUr nf |>o|ar projections in lioniojMilar 
qjternator (( hap, viii, $ 5). ' • 

intensify# of pressure Hi pounds ill square inch, 
(l.liap. vi. V^l) 

- mipiber of-|>o|r pairs in parent mat bine, 
^maximum al^iorjual [mil due to deflection of 
yoke ling jmt radian (i hap. xv. * 10). 


irAtarAanmtis, virtu,il, and maximum value of 
charge <nt condenser iri coulombs, 
mimlrtf of para I lif paths through armature 
windiTkg. jH-r p)i;iM’ in an alternator, and * Zt 
in a continuous ciurenl machine, 
mini her of "vectors to In* gddifl logvthrr {("hap. 
ix, $ V2). 


IP 

« 

«R<> 



K. 

Py* 

R r . • 

R, 

R+, A\ 

R, 

cJt . . 

. . 
a. . . 

*i . •. 


radius. 

• resistance in olnns. 
resistance of armature in uhjps. 
resistance of brushes in ohms. 

resistance of a couriertion 1**tween brushes of 
satfe sig|p((^Mp. \\i, Note). # 

• resistance of r.xtenfil v'irciii^ in ohms, 
resistance m series winding in ohms. 

. fftfcdancc <>i A'ostat in ohms. * 

• resistance of >hnpt winding in <>h#is. 

outer, mean, ami dinner radius *f hollow ■cylinder. 
•• radius to j>ole-f;pv. , 

- magnetic reluctance. # * 

- magnetic reluctance of armature. 

magiKdic reluctance of ^ir-c»p. * • 

s magnetic Muctitaco of leafage paths. % 
magnetic rc.lpdancc of frdd*ifiagnet.* 
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life of fravjly 
<r hub (ctf I 


X3t| 


-- radius to centi 
s* radius of arm <k hub {«?»)■ 
■™ radius to nave of huh (oq. €B\. 


». ' ... . 

s| veifir ehvtfiral ivystiviiy, i r. .i-si'dame belvivrn 
opposite facfs t»f n ftn. fulw in nluiis. 


I 


mmiU*t #if ur in toothed urnuturc. 

datl*i mat tune {Hup. xii, $ Si 

efmlmg surfu^of ftfjd magnet bobbins or armature 
xvi, |j liit. • 

sfri*v on material of.mualure mre dm- tn <vTitri- 
filial f<«vi r and pull pS|. 

stiiss on material of aimaljire «<»re at junction 
with arm (rq. ti7) » * 
stfe*.*. on main rial du«' to ri ultifrr^al Ji.?« <*. 
lompressivo stress on (uniynilator copper and 
wit;* \K hap. xm * Zb 
i'fiidine stress nil ami of hull {«■<(. (fc*l 
s|m«v fii tor, ratio nf rojqnr volume to tofa! 

Volume. * m 

ratio of Imal tn iiiiml displacement in io< 

-vstim (Oiap. xiii, * lt>). f 

ratio of wound ar< tif pnle-pitt li (f \u\f xviii, 

* 4). 


r t 

r f 

T, 

• 7> 

% 

.T t 
7 u 
-t . 


number of turn", 
torque. 

ririntig tension in belt. 

- Itims nf roil, 

Imns of field-magnet toil. * 
p riodir time in seconds. 

jwrindic time nf forced oscillation m seconds 
(fh;q>. \*i^ Z>) \ 9 • 
twisting moment off bah (eq. 8H). 

% mimlxT of s<tr^ inm*. * 

number of shurrt 7 Urns, » 

9-- tempura tiftv. * * * 

*numlx?r r>V turns in mil, nr of active conductor* 
» tn one Mt.nMTCspoiidinK to one pole and phase 
ion alternator armature (Chap ix, j| IS). 

~ time ii^ seconds. j 
^ dc^tli of winduip of bobbin. 

=x ri^tiMeraperature. 
tooth-pilch- • 



XXfi 

th£*dynamo 
♦ 

V 

number c*f apthsidfo or dements in drum winding 
fCha^.xi, ^ * 

immber'nf mil-sides |>cr slut fin toothed Armature. 

9 

u 

K 

1 * 

^ fix ity *ii rin. )K?r gn-'incl * 

• • 

vo[Jajy: .it li^fisfii's. 

K ■ 

volilfhr nf iron inV \r in. 

■, 

vnltafg 1 .at terminals of external circuit (K.M.S. 
value if altiTJi;i1in|(). * « « 

r, . . . 

exrtMltjj; voltage. * * 

r ... 

|Vri;>|n<r;i1 *.pml </ joiirnal in feet jurr inmate 

f 

(f hap. xjii.^ I-M- ♦ 

f V • 

linear vrlixMy nf centre nf giuvity. 

• 

U\ U‘ 

w.iff. t 

ir 

wri^ht. * 


weight i»f urm.ifufl . 


wri^ht em Hint r.i led ,it un<- pnmt. 

• 

weight distributed along shaft. 

• 

Weight nf t 

H, . 

uvigh^of i nnipli'h- ynke tine 

fr ¥ 

we ight nf unit volume. 


width nf vMitil.iiiug ail dm! m armature core 

'* :i 

Width nf % s|n| ujirmne 

W'j 

width nf v|nl. 


width nf t<.njHi 

>‘n . 

whit It nf lm rt h .it tnp. 

K "(i • 

wiiltli nf tni.lli .it hotlnin 

■V # . 

leaitame. « 

•■V/ • . 

ampcie InriH n| i \« it.Mt 'it nit .'Jit' uftgnej no nit 
onper pair nf pnK s -= 1W , 

A‘ r . 

ampere hyns in line be1wr#n pule pirn-s li.-l /" r 

V . . . 

( pnlv pftrli, / • ^ 

v ... 

lnt.il nr irritant pit eh (Otap. \. <>). ^ y* 1 

• 

^algebraically. • 

)'9* - 

< t pup it entiat* (fift h (Chap. xii, ttV f 

Vf ■ 

Mi nut pitrh nf aimatirte winding fri rmimiutator 
nnl in elements ^Cl*ip. V $ d)T # • 

V* * 

hark pit<Ji nf <irin.iHire winding hi oMfwnts 
tOup* x, $ HI. • 

y.» . 

hark pit if i nf orm.itare ^vindmg in slots (Chap. 

«. ! 12} , . * *. , 

y«. • 

average* pilch, nr pitrh iif commutatof sectors" 

i • 

(Chap, x, - v/2 - J fv, I V.\ • 
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plusc-pilch ii 
pha^s 


paring Hire 


iih’ winding hipjvVi iur iY 


J. ... moctulus [>f section \ 

' •■ impedance* ^ 

-= tot.il uumlK? of roiducior* on annul me. 

^ number of c*»duct3rs per sfct. . + 

. magnetic flux, mifubei (H Oi.S, lines, 
t . . . total immtwr of useful fines |»:i<siiifc through one 

pole-pitch hto armature Yore. 

/ . ' total iLumlx r^of line* entering armature of liomo- 

* ]w>Jar alternator within the f h»| o-]■!|<h fl Jup 

* ejjj, * t?). 1 . 

i flux linked with loop or riuniu 

i.^K.^.ctc * fiiiulaimnt.il ami hut monies if flux. 

. total mimlwr o| lines nosing through .1 magnet- 

enre. . *» 

t . total flux of one l otuuuitalic pole. 

angle subtended pole fan 1 . " 
angle of lag or lead of alternating rnnenl or IvM l\ 
i 4ngle nfl.ig of armature ennoni In Jiind l.-M.lv 

. . . an^lr of Jag of external* enftei it veetor !|'liind 

terminal voltag* 

/ Useless hilts entering armature of hnii^fpular 

# % alternator licyond th<*i>ole*piirti (i hup fiii, §(>). 

i . . -- mimlxi of leakage lim-s in one magnet < in nil. 

r . , . ; ^tsetyi flux of one commutating pole, 

ivlm tiviiy (i f h:ip. iii, tj 11). 
multiplier in approximate expression for length 
of path in air-fringe (t lup. xvi, $ ti). 

• * loss tn waits per unit area per 1‘ rise. y 

X . V . * angular width in radians of Mt of distributed 

winding (t ha[>>. ix. $ 12, and x, * 12), 
y* ... angle of displacement*^ vectors (( hap. ix, $ 12). 
ot ... * mechanic,^ angtijnrwdin iin radians per sec. 

resi^tanq; of unit length of cop| n-r of given section. 

<*t . • . resistance of I,OCX) ykrds of copper of given section ^ 

* at 68 3 V. {‘*>X) s 

M <rtt . . s "critical lingular Velocity for whaling of shaft 

« * * (ftiap. xm> § Id.) I 

<« # ot\w. , - electrical angular velocity. 2 trj t irt r«Mi»n$ |x*r scr. 

% 

Note HariMidon (that is, heavy) Utters indicate the maximum 
value of <]fUi!Wir>, v.irfing in time. 
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i 

f. *1. The electrodmmlc *$ion between current and nu*Mt- 

In tike? year 1819 a Danish physicist, H. C. IVistidl , 1 discover ed 
(hat whin a magnetic simile v?as brought, near a wife carrying 
an electric current it Vas deft vied definite i>osj(ion relatively 
to the wire ; in other wfirds, briwim 1 lie conductor conveying *fu 
electric current anil the magm -1 lie found that there *xi>tid a certain 
mechanical force which, if the conducting }fireVe*rslationazy and 
the needle movable, would cause the latter to set it silt in ^definite 
direct joil For example, if the conductor conveying (he current 
is a long straight wire held horizontally over a rbmjaiss needle, the 
latter lends to’ set itself at right angles to the length of the wire ; 
and further, the direction tn which its north polo point* when it 
has so sot itself depends upon the dimlioii fn u^ikIj the mi rent 
is flowing in the win-, * 

In the above gnat fact of the clcclfodynanuc action of an (Utitic 
current on a wignet is involved the wholi* principle of dynamo- 
electric mafliinery. The simple experiment of OvrMcrit was, in 
fact, th« first inMaace that harl been observed of the conversion of* 
electrical energy Into im^haniralVoik, and as such iliustialrd the 
principle of the electric motor ; for tin- medle as it moves muld 
be made to do mechanical work. 

| 2 , The jnech&nic&l ttrque of dynamo or motor. Hut ^ u i» 
equally tlfc fundamental principle upon which the dvnamo Pests. 
It cannot be tix> slroifely insisted upon that Ihc measure of the 
usefulness of the dynan*j-cliT.tiio ma«hi*<, whether as dynamo 
dr motor, depends bn the niecjianira^ hyci width has lo be excited 
i^>un or is exerted by tjie iqovi^g menibiT, i.e. on the mot hanica! 
torque that the rotating member can alisoib or give out ; for upon 
(his in conjunction with the speed depends the clerical pnwr or 
mechanical horsc-p#wvr that it canfltwdop, Just as the purchaser 
j of a steam-cngi^p buys ^ ittyrhipe capable of cxerlifig a attain 
torque ^ its crankshaft'when supplied with sham *at a given 
pressurff, so the purchaser of a flynamo #r jnutur buys I machine 
capable of absorbing or exerting a certain torque when its field 
is fully excited and it is*supplied with ^mechanical nr electrical 

^Foran appreciation of flje work ofOAfttcdt and J»j$u;nl*nipnrariwdlmper« 
AooArago, oue hundred w)rs agofsee Journ. Anur. m I.E.E., vol. 39, Dec. 1920, 
# PP- 1*1*43. * 
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energy. The sjwed at^wljeh it is driven or at whkh it runs, 
although fundament af, to its design and use in so far as it 
determines I he power* and also the voltage, yet in trpmparison 
is a secondary matted; for iqAm the t<|que dqitnds j>riniar;ly 
the site ami coil of tin* ma« him* And it may rvm j/i pr^iice 
he Adapted i f> put 'jit atif speed within a fairly wide rang?/ 
So iniportaifi is th* toiquc‘thai»4’h-rtiic ma> Junes are w/injkarabh* - 
as 1 o their relative iiiMultuAs, >\xr air I i:*»sl in t tf «.f the waits 
per rtiufiuiion per minute Ihal liny nuti^ive, a " watt per revolution 
jKir minute " briiig a^ special imPi nf It.njiie which owes its origin 
to its appropriateness in <le<tn<aj Work, and win* h lias tin- same 
dimensions a*, a dvite-<vntiim h> »>r a pmimMoni. One watt being 

* 

U ) 7 ergs per* Mf iijid, tiie p:u titular value* of this unit - — x i <) 7 
dyni'-t riitimi tr. s, o# % * 

1 watt jui tev. p* i min. ,955 *; 1o 7 dvne-<vntinietres 


955 •-* It) 7 
981 -Tli tf 


9974 ki|..grai mint res 


7 05 y*. fi. 

V 3. The mechanical force on a current-carrying conductor in 

a magnetic field. In older then to develop the tir>t fundamental 
equal ion of the dynapio dealing with the connection between 
rnei hauirnl h>m am) electric nr rent, the rlenu-nlay east- <4 a 
, straight conductor cat tying an elect lie mi relit and immersed in 
a magnetic held will fiM be couriered. t 0 , 

Lei a straight ■otulitctor Alt, in which a ruimit is flowing along 
its length from /> to .1, be placed in any position in a uniform 
magnetic field (Fig. 21) ; the red of jhe circuit which must 
nm'Mtyrily exist is f.»i ifo* present disregarded. , • 

Whatever tile rel.itive positions of the lives which represent the 
directions of held and length of conductor, they fall under one or 
other of two eases: either the length *>f*the conductor is parallel 
to the direeliyu of t)ir fiehl, m ii i* nut. Now, in the first easy, 
the conductor conveying tlu* cm refit is rtirkrlv unacted on by any 
force due to the exicrnul viagpetic field in which jt is placed, and 
it has do tendmey to move' in ( any direction. But in the second 
case it Invoices t lie seat «>f a mechanical force wfiiet, unless resisted 
by irti equal and opposite force, willf ause it to move in.a definite 1 
direction.. This second case is equally well expressed b${ saving 
that, if there is to be n meehanical force acting An the conductor, 
the projection of its length on a plane normal*to the direction of 
the field must be a line, and not a poirfi. Is Frg, 2t let AD be a 
jnmdwKor whirs*- length does not coincide with the direction* of 
field in which it is placed, and let ad be'the projection of its length 
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on a plane normal to the held. At right afalcs to W and also in 
the normal .plane draw a line OM. Then* fhe conductor AD 'is 
acted uport by a force f.'qually distributed*throughout its .entire 
•length (since it is entirely immersed in a umfoi’m^licld). and llie 
diteclion of this force at each jxrttion 4 its length is in tile plane 
puj iTial to the field and parallel X^QM : *in other^woitl^if It is free 
In move, tfie conductor will, move 1Kurallel iu itself through the 



field owing to the action of h#cr>, 
which may be sumided lip and 
represented by one force along 
the line OM. 

The “sens*: 0 of this magnetic 
force or pull is determined as 
follows, # In Fig, ,21. if the 
direction of the lines of the field * 
be vertically upwards, ami the 
current flows in the conductor 
from I) to A, the direction of the 
pull on the*" (Inductor wifi be from 
left to right towards Aft Hence 
if the left band is placed out- 
stirtrhffl along the Ungth of the 
conductor, so that the direction Rf 
current is fpmi wrist to tfie firiger-t ips, while the thumb points down 
the direction of tl* lines of the field, tlar jlJhction of the mechanical 
pull on the conduct <Y will bejirross Wd baud from the back to the 
ni ; in other Words, the palm will face the directifln towards 
kh the conductor tends fo mov*. The force is a mutual action 
between file conductor and the field-magnet that if thet conductor 
is held fast, and the jfcle-pieces between whicli the fietd exists arc 
free to move, ^hc direction in Which they Vill more is course 
opposite, i.e. from tfie of the hand across to the back. , 

I f. ISm fftxjunlcri,fttop .OQUatioa— Next, as regards the 
"magnitude of the force, if l be the length of the condurtor AD as 




to i v r-tki. 

l it; 2L--Force on current- 
carrying topiJiK tor m 
I magnetic i'iHd. 
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l-irojecU'd on to the pla \\( normal to the field of uniform density, 
then the force acting oU AD at right angles to its length, and tending 
to move it parallel to if self along OM, is proportional tuihe product 
of the’ density^d the flux, the projected I length of the conductor, 
aiul the current, or F cc tffl. i 4 . 

Oil the f',G..S, system, Jhe measured in dynes is equal to 
the above product wjien l .js in rent inlet res, B t in C.G.S. lines per 
square centimetre, and i is in absolute electromagnetic units of 
current. Bui if i is in ampur|*s, a since one ampcie ^Ih of an 
absolute electro-nuigndic unit, 

•I'v'lijl X It)' 1 dym-V 
* 

♦ But / »■-•</. mji a, where « is the angle which the length of the 
conductor makes witli the direction of the field (Fig. 21, j), so that 

, /• sin « x 10 J dynes 

in I* * lig.ijlW dynes per cm. of projected length 

‘"mu*981 •&*»»** . 

102 li v i X ID -7 kilogrnmf.its M 

f 5-7 B 4 i x 10 7 lb. per inch 

There, is no trndency for the conductor t*» rotate so as to alter 
the angle a, but for h given length *>i conductor and civet*current, 
the force is a maximum when the length of the conductor is itself 
at right angles to the direction of the lines, i.v. when it lk:s wholly 
in the plane normal to the field, as shown in l : ig. 22 and <x — 90°, 
The maximum force is then 

r Hgit. X 10 1 dvnvs ... . (2) 

v -•= 5-7 B,ii: x to- ll». . . . • 1 , c . (2d) 

" C 

when i is in amperes, and in the second alternative // is in inches 
although If, is retained in C.G.S. linos per sq. cm. Since in dynamo 
and motor alike, tljc length .of the,active conductors is arranged as 
far as possible to lie in the plane normal to the field, the ab$>vc 
expression may he regarded as the first ftmda mental equation of 
the dynamo motor, * * r 

When tj*e conductor is inclined to the direction of the field, the 
nftual force acting on it due to fhcr-nagnetic pull is always t 

4 F B t iL sip a X 10“ l dynes % 

« v 

along th<! line OM. But the whole or part of,this may be balanced 
by other external forces. The component force, along any line 
of option, which may or may not he unbalanced, is then simply 
obtained by resolving the force F t alop£ the given line. °rhus 
in Fig. 2,1 let Om f be the line of action under consideration, iti 
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projection on (He normal plane (Fig. )t, iii) being along Om ;* 
then the component of the forre F actinia long* the line Om is 

/= F sin y 

y is the angle whkti the projection of tlh* liiie^f action'makvs 
Wgh *thc projected length of* the conductor. Full her, the 
component of / along the line OmVis , • « 

/Wsid/J- 

wh«rc fi is the angle which thetine erf action makes with the direction 
of the field (Fig. 21, ii), Ih'iv ethe fonv acting on the conductor 
along the given line,of action Om' is , 

/' .«= Ji f iL sin a sin p sin y x 10' 1 ilyry* . . . (3) 

One feature .still remains to he 
met it i< mod, When tin* n induct or of 
Fig, 21 is unconstrained and moves 
parallel to itself in the dim'lion of 
the line OHf t it passes hmadsid< > 
through the fidd, and for a given 
distance moved through, the number 
of lines cut is a maximum, Further, 
since the force F has no component 
in a Vertical direction nr along the 
length <*f the conductor, it is evident 
that thve i^ no tenth me y for the 
riinductor to move up and down the 
lines nr end-on thriAgli them Jt 
is e>M'ntial, therefore, fur the 
existence of force along any line of 
action that the conductor, by move¬ 
ment in that tercet ion, should cut 
lines of th<f field along i|^ length, 

| 5. The magnetic pall as arising from the interaction of two 
magnetic fields.— The meclftmism from whwi arises the mechanical 
jn^l on a currentH'arrj’ing conductur islidV foiled in ihj- interaction 
of its own magnetic, field with the i-fc! mud held in which it is situated. 
Thus the exposition of the cin ulai Ijne^sunoutiding the straight 
conductor of Fig. 22 with the original field would lead t#t ho refill ant 
lines being bent ifmftd the conduct of so (hut the density becomes 
creator on its left and lessen its right side (cp. Fig. 23 for curled 
pole-piece*). Again, take the case of a rectangular looped wirr 
round winch a currtnt -flows, and placed so That its plane is parallel 
to the direction of tin.* field between two eternal pulc-pk^es (Fig, 
24). Then it follows ^rom* the elect rodynainic law that if the 
direction of the current found the Iftop be as shown by the afrow, 
,lhf upper side will be suSjected to a force lending to move it towards 


Direction of magnetic puli 
4 * Or COryfycU**. 

s » 


.m 



puli <jii f-urrmt-tjuryiflit con 
«|uf1r»r in magnetic fiel^i 
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the right, as seen Iron l, while the lower side will be subjected 
to an equal force tending to move it towards the left ; the ends 
will while parallel to "the field have no force exerted on them, and 
when in a plane normal to the field, or in *rny inteimediate postyon. 
I lie force tending to move tin* oncVn one'direction will be counter¬ 
balanced by the force tedding to move the other in the opposite 



J'Ki -<♦. field 


direction, Tin? whole loop will tlirtrfujc be acted upon by a couple 
tending to rotate it in a clockwise direction, and the position which 
it will take ».p if free to move is one in which its plane is normal 
to the dirt <‘t ton of the ficlth'iis shown by dotteti I hies. When the 
h m sj> is vertical anti is subjected to a magnetic pnlJ. the tines that 
would be diie’io jhe current alone would pass through it from 
rigid to left, as seen from />. Sue h a sup(x>srt! field must, however, 



• ? . . r . , , , < 
be conijHJunded with tin. original virtual field and the result of 

this composition is that ( 1 lie lines of the actual field ix injure are 
twist <41 out <*f their direct -path. When the I«w>p has rotated into 
its position of rest, the lines that would be duf ty the current alone 
coincide in direction with the Jindi of 'the ipigmal field, i.e. pas* % 
vertically upwards through tin* loop. Hence, as the loop rotates, 
the lines of the resultant field shorten their pgth.uind further become 
a maxipium. , * 

If a magnetic field be divided up into tubys <^f flux, each of which, 
though possibly of varying alea, consents the saipe amoqpt of 
induct ion 4 hroughoul its Thole circhimi tehgth, Clerk Maxwell has 
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shown that the state of stress in a ma&uir, whiclj is magnetically 
indifferent 1 may be specified if it be sujjpos^J that the tubeso( flux 
are subjected to 

(i) a hydrostatic prt\surf, the’same in «U directions, *tml of 
' magnitude /^/Sir dynes per sq*cjn,, and # * 

*(ii) a longitudinal tension Bff/4n ttynes pci sq, cm. in the 
direction oS the Jim'S of induct lull* p When, thctcfuro. the hill's ut 
an external field are distorted or di-flmedVut of i heir niiginal 
murnal path by the present^ of* the ament-ciuiyiug hx>p am! are 
then by eaused to traverse*'a longer path, tl^ 1 interaction of loop 
and fiehl tends to cause relative i»o\client through Much the hues 
art* enabled again to straight in themselves. The following general 
laws, illustrated hy tlnvibiive-drscrillbd cam*, may therefore 1^* 
stated— • 

(1) Tfi t)ie lines of a i i.injwmnd field jf dfMoiled from their 
initial path hv a orient-cm tying voiuhufWs may be attributed 
a tendency to shorten tliem>elvcs, and if relative moveiiftnt )w*- 
tuecn coil and magnet In- jmsMble, this fezidcmy will cause move* 
merit iti such direction that the lines U»omc fiogressively str.lighter, 
and shorter. 

(2) Every dwri tumit ranying a current'fnjds to m-i itself 
so that the lines embiaeerl by it ait- a maximum, and the direeftori 
of the movement will In such as to cause the linked flux to in< tease. 

In simple cases tin- huces an* easily * ul< itlutyc. * and cmi approxi¬ 
mate diagram*. >uch n% Fig, 23 or 24, of iJie flux lound nirietil- 
citTrying conductors immersed in a magnetic lit Id are always useful 
as pictlift's suggestive of* the dna-ctimi of llie nushaniru) lluusl 
oi torque on them uj rat the surrounding iron,® although in rum- 
plicated cases they cannot be used as a means for quant it alive 
calculation of the magnetic pull. 

§ 6. Myoefo poll on the conductors of a smooth arnud4rt, ~ 
la^t us now consider ilv* rase of a smooth uon#f vlindei along the 
outside of which and parallel to its length are at tanged a number 
oj conductors nm\ t eyjiig Vurrents, the whole being placed in a 
ti^gnctir field between two |#>lc-pu*r' (J ? ig. *25). The direction 
of the lines in the air-space* be twirn the iron poles and the iron 
cylinder wfll be t#*arly radial, except for* small fringe of lines near 
the interpohr gaps, and even heredity immediate efilraiice of the 
flux into the ax rupture core or its emergence therefrom it practically 
•radial. * - 

•* ^ 

1 EUelnctly and veil. 2 r $ 042. lif aJcTrornRimrtic. medium if 

It and H divergr in dinvlion, the Lasc is more <« implicated. 

* See especially G. 1* C. Scatie ''On the Magiffcuc Held dm? pfra Current 
in & Wire placed parallel t# the Axia of a CvUndcr of Iron," Mutruia*. vol. 40, 
p. 4g (28th Jan,, 1898). ♦ • * 

•^ven in &exaae of#dynano with compensating field-wi mho* ; cp. 
. chap. ?9, J19, 4 • • 
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As wil] be »ep Utep wU current flows through the conductor* 
the flux-density does qot remain uniform even under the actual pole- 
facts, but if B is tlftj flux-density at any part where** conductor 
is situated at any moment, the force acting on ft is iL X JO -1 
dynes, where £'is the length in,cm. of the conductor wilhm the 
influence of the field. If flic conductor is situated at a radius ot 
* jy 

I >;2 < n». # its torque is B 99 iL - xJO * 1 dyne-rent i met res. Let 


*& 



Fit:. 25. Mii^urtir, pull mi the active i:oiwJtn tor* 
of a HiTuioth armature, 


fiB t i.c. ll veill be 





B 0 mw the maxi¬ 
mum density, and let 
k be a coefficient re¬ 
ducing its value to the 
average density over 
a whole polc^pitrh so 
t hat kB, 

If then by rotation 
the conductor passes 
through all values of 
/i„, its average torque 
4 hiring! passage through 
the field of a polo pitch 
will for a given con¬ 
stant current be pro¬ 
per t i on a 1 l o the 
averagV density, 

I6- 1 dyne'Centimetres. 


(rf) Now as shown in I ? ig. 25 let the directions of the currents in 
the one half of the. conductors {marked with a dot) under one polc- 
jiiec&bc towards an observer, looking at the cylinderJrom its end, 
anefin the other hah (crossed) away from jt hr observer.* By appli¬ 
cation id the left hand it will be found that each conductor is sub¬ 
jected to a pull tangential to a circle passing through the centre 
of the Conductors, ,The di' notions of a few of these forces arc shown 
on tho diagram. The whole may 1>« coisiderrd as a number of 
Ioojw all tending to set themselves vertical, so jis to unbmee all 
the litfbs of the field, while'tfie ends of the loops will exert neither 
an upward jior a downward purl. Thfc total re<,ulj of the action will 
be<that, unless otherwise constrained, the whole system of con-* 
ductors will rotate in a clockwise direction, and if the above repre¬ 
sents an electric motor,'the conductors will sp rotate. The tangen¬ 
tial pull-on each conductor is removed and put on again twice in 
each revolution as it posses over fromftndcp ope pote to the other, 
but * always in the same direction relatively to the/otation^ 
Further* let the current,in each conducWr, although in different 
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directions in the twi> halves of the armaAirejhave the same steady 
value of J amperes. The case of the immature of a 2-pole 
continuous*ciirrent dynamo or motor is then reproduced. The 
,avctaee magnetic drag of pull qn one cmidifctor* passing through 
a # double pole pitch (the directions of # current and flux chang¬ 
ing simultaneously) is kB 9W JL x Id' 1 dyfirs amij't average 
5i>rqiit* is—• , t 

\ kB 9 mmt ]DL ^ 10* 1 dyuv-ceutftnetr^. 

The same also holds if 'Am ntichiiu' is qmltipolaj ; hence if 
there are 2 conductors in all on tV armature, the total la*quo wilt 
b*- Z times flu* average Inique of a single conduct air, it. it will l>e — 

i \kB 9M#J JZDL x*ltH dyria , -oentif1i' j tr<s .« (4)« 

r.r in flu* spi nal unit of torque of § 2. * 

r {kB 99M JZDL X 10* 

' 60 X 10 7 

2n 


ktf a X I0 _!l watt? per ii-v. per miti. . (4<i) 

w | 

J/ t <l» a — the 1 <>1 at number of GCrS. lines wftii hf-issue from any 
rnw pile and pa** into the armature, or which rNieigr from flu* 
armature aiul enter into a pole of opposite sign, in either case 
[mininga single field itj the air-gap a-xtendifig over a polt-pilrh. 
Thin lB f 7 tDI. is equal to the total flux of ail fields, i t. 

- 2/>0 0 ,.where p » the nuiuWi of pair* of pnh-s. Then* 
afternative expressions fufthc tufa) hiiqizc are- - 

*<!>. // 

i -- x tO* 1 dyne-centimctres .... [4b) 

rr « 

P<tLlZ* * 

- XlOMlvhvt ...... (4c) 

*T2> 


2 pQ'JZ * • . 

•—rr — X JO - * wafts per rev. per mm. . 

W m • i' 


(«> 


Multiplying (4) or (4b) or (Tcj by ta the angular velocity in radians 
per sec. {—27tNJG$ where N is tlie number revs, per min.), wi^obtaifi 
the rate of absorption or dcvctoprru^it.cd mcchanicafenergy in the 
machine either iif ergs persececd in the first case, or in foot-pounds 
•per secondun the Mood case, &n<T multiplying <4<t) or (4d) by N, 
it is givdrt directly in watts. ♦ * • 

In the older types of dynamos or motors with Miiooth<ore arma¬ 
ture, such as that sflown in Fig. 25, the dAisity of field ifi the air¬ 
space through whidi rty conductors moved was usually at least 
5,5(0 C.G.S. lings per square cent i met re. The force act ing on " “** 
• conductor per foot of active length is*then 0-0376 lb! for i 


each 

every 
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i 

ampere of current flawing through it, or nearly 3| lbs* lor 10$ 
amp<Tes, The active wire* had therefore lobe securely fastened to' 
the armature of the dynamo, and prevented from slipping under the 
actjnn'of the n ( iagnctk drag. This, was effect<xl by thin hard-wtood. 
driving strips (preferably^>1 hornbeam) let into diallow gfoov* 
milled longitudinally across the armature core, 

(b) Next, in reference to alternating-current niachiites let it be 
assumed that the density of the field of each jxilc-pair is const ant in 
time hut ii distributed after a sjne law over the double pole-pitch ; 
that the current* in the conductors follow a sinusoidal law in time, 
and, therefore, also sjmciaHy At 'any one moment over the double 
pole-pitch; and lastly, that the maximum value of the current I 
y/2 tinr?«TS the virtual current /) coincides with a position of 
the conductor'carrying it in the maximum Jhix density which wc 
will symbolize by i) 9§ m „ to indicate that the held is assumed 
to be Jiinusoidally distributed. Rei koiiing the angular position 
of a conductor from a point where nim-nl and field change direction, 
the instant an "ous value of the current j> I sin a — y/2 J sin a and 
of the flux-dcusity in which it is situated is sin a. Since 

one pole-pitch corresponds to 7 r ch’rtrical ladims, the magnetic 
drag or pull from ofte conductor aveinged over a pole-pitch is— 

H t , sin a y/2J sin a. da x U)" 1 per cm. length 
* 

I 

y/2 (* 

-- X / i»in*a*/«X Ml* 1 pcr<m length. 



x lfr l *lynes per cm. length, 

V*. ( 

If L'k* the length in cm. of the conductor wit Inn Ihp influence 
of the field, the average total pull of ifs whole length during 
movement over tin* jmje-pitch is— 


V- 


X Hi vl 'dynes 1 



and at radius Dj2 in cin., f its.average torque is—< 

^ .1 • 

»> x ib'^tlync^entjmclres,, 

• % v , * . 

Since th^re are Z such conductors! the total torque of the machine is 


T 2^/2 mamJZLD x 10 -1 dyne-centirWetres . 


( 5 ) 


I " 


4 1 ^ 1 * ♦ f 

*» — B„ j^DL X 10^»v^ttipcrrev. per min.. *{5<i) 
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4ft 


H Tht prc\*ious expression lor the contirnLu.* <urrentcxsc was given' 
in terms of the average density, On Ac basis of nur 

assumed sinusoidal distribution of the thdJ in the altcrnating- 
rurient case, k = 2 fw» aijd we may cqiuUly va il vyrile— 

1 • • ^ 

*T -.*■ ; 2 *2 kB„ m4a )Z^ DL HI **vau< j*r rev. per min. * 

where k has the special value of 3/trJor the ca«e of li tt . For 
kU 9t . itJ)L 2/* ra . /jf, may then Ite substituted 2 

wlitre is the total flux of one pole-pitch when the field is sinu¬ 
soidally distubuted, Alternative expression* for the torque in 
terms of the flux por^toU -piloh incite atfomaf ingcare are, therefore, 


T = 


f U* X 
V_ p*„JZ 
2 X 2‘ 425 

* 2/*!>*, // 

2 X '2‘ ; 


lK'ik■- ceutinu*lii 


X 10 * Ib.deel 


fiO 


10“ K watts pel lev. ]>«% min. 


(S^ 

(Sr) 

(W) 


A bather approach to the conditions of pia^tice 1 


, . - . is given 111 

Chapter VI, § 14, where it is shown that when ill*change of direc tion 
of the current in the conductors does not coincide with iheir |>osil*pn 
on the line when? the field changes dilution but tags In hind it, 
allowaiu i* mud be made for this by mull iplvin^tlv above e*|»rcssions 
bv the ftisin^of the angle <»f lag. JLtsilv in practice the alternating 
cm tent does not socially vary sliicily after a sine law over the 
double pMe-pit eh. j-ven if in any oty-conductor it varies temporally 
afte r a sine law : the conductors an-, in lad, divisible into a com¬ 
paratively small number of groups, in each ol which the current 
at any moment has one )ud the same value, since the conductors 
of which jjt ts fompox-d are in serus. To take account of this 
dejvirturc from the conditions assumed above, the expression 
mu>t be multiplier! by a differential fadoi k 4 , which will be further 
explained later. 

^h>th the continuous-cnrrvntawul alternating cases^nay then he 
brought umiei one geiurul formula, as- 

• n 

T sr: kf. k H . kMt 9 „„ //“ l)L x ite*Wtls perrey. per nan. (Sr) 

i» c • 




2p*t> m JZ * • • 

k 4 . —- — x HH watts jm n*v, per min. ^ (5/) 


1 It the held-distribution is not purely timrauuUl. then as a fint approx¬ 
imation and with but In tic rmg may be taken trie fundamental ol the flux- 
curve. ami for B ff *aitftwill be sijiitltal'd B f . anti <t> r . In most ca«?» 
thiiWutia) stepm the comple'e process tor the actual hel<l it all that is rftpnred 
lor practical puqJtwe*. * • * . * 
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or 


where in the c^nt i nuoys-cUrr € at ease h f and k 4 are both unity, and 
in the alternatihg case with a sinusoidally distributed field k t =* 
v'jly/2 and k •*» 2/i* the former being the “ form* /actor " 

. • .virtual value * _ ‘ * r. average value , 

ratio / , and the latter the ratio - -. 

average Value ( maximum varae ^ 

a sine function. *V in tne latter case the chang* uf current* 
direction doc* not coincide with change of field-direction, T is th<* 
hypothetical torque, that Would result if there was coincidence, 


op 


measured in volt-amperes per rev. per min., and the real torque 
in watts per rev. per min. will be'given by the product of the 
hypothetical torque and tty angle of lag cos <f) 9 

1 7. The toothed or tunnel armature and its magnetically shielded 


pond acton. -Next let the cUrrent-carrying* 'inductors he embedded 
in slots on the.surface of the armature, as in Fig. 6, or he actually 
threaded 1 hrough clpsc<j tunnels. Tin nby they become mdgncticaily 
shirldcdj so lhat the flux-density B t wiltiin the slot or tunnel is 
only a'very small fraction of the average flux-density in the 
air-gap, and a sl>U smatler fraction of B it tlie flux-density in the 


tenth. The mechanical force on a conductor is then strictly 
proportional to B lt the density of the Jit-Id in which it is immersed 
in Cho slot, ;uutyib«ys the fundamental law 1 of equation (2). For 
tip same total flux therefore the mechanical torque nil the conduc¬ 
tors of tin: toothed armature is very timeh reduced as comjiartd 
with its value for 11n; same conductors and current nn the surface 
uf a similar snmoth-curr armature. Yet actually iu ir. found by 
experiment that the total torque on the toothed annul lire as a whole 
is precisely the same as on the corriiuiors of tin: similar snvmth-core 
armature. 

The explanation of this apparent paradox is again to be sought 
in the interaction of the magnetic field of *he conductors in the >lots 
witljVhe main field. 'Fin* influence of the magnotnhiqlive forces 
of the conductors extends into the air-gap and causes the flux to 
take a slanting direction across the gap from the iron surface of 
the pole-pieces to the iron surface of the armature. Its path is 
therefore loiter, and the tension cf the lines causes a magnetic, 
pull between the tij>s of the teeth and the iron p»»lc-fares which has 
a tangential component. t i 

Fig.^i* shrtws the path of tty lint* in the air-gap after emerging 
from a hlotk of iron, which is immersed in a miform magnetic 
ficlh and in W’hich is embedded wn 'insulated conductor canying a ' 


<• 


1 For experiments in proof of tlus, cj>. XV. M. frerdey. fount . /. £, 
vol. 26, pr 586; cp. also K M, Hcldt, -Fltc. World and Engineer, vol. 33. 
p. 699 (1899). « 

i • 

• TWcen from Mr. Sryloa paper abovc % quoted (§ 5}, to which the reader 
is again especially referred. « * * 
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l ; Ui. 26.---containing m\ 
cinlx’ifdi'il (dUihictor. • 


current directed away from the observed .'ji drawing the diagram, 
in order to show the distortion of the Jiiief, the strength of the 
original uniform held in the air has been made small as compared 
with the magnetic forcoduc t^ th*e current at the points iivthe air * 
i^ar&t to the current; * 

jn an actual dynamo 
it would 'he greater, 
and the distortion less, 
akhough always 
present. From the 
tension and pressure 
nu*ntioned in § 5, there 
results across any 
plane in the ether 
jjArallcl to the face of 
the* block and above it 
not only a lt-nsion • 

tending to lift the block, but also a sheafing siruss lending to make 
all the system below the plane move towards t he right. Tint >1< iping 
direction of the lines as thiy leave tile iron shows that ihe iron will 
experience a force Towards the rigid. The*whole of the force 
parallel to the face of the iron \H 0 would in any case finally <*>mc 
ujnmi the block of iron, hut now if the tunnel is circular and small 
the force on the cqndurtor parallel to the 
fact- of the iron, jut cm. length, is 
only 2i// 0 //< dynes, and tin* remainder* 
*//„(! falls d\r€(Uy on the iron. 

Fig. 27 shows roughly, and to an 
exaggerated wale, (he jailt of a line 
♦through a double air-gap and cylindrical 
iron core, when the latter has a ofijreut- 
carrying loop embedded in it near its 
stir fact', in the [J^sition of greatest toique. 
Again by by the greater part of the 
mechanical* torque ifalls dtTKtly on the 
into , l * 

Wlit’ii liu- armature is toothed with 
open or ^ejni-closcd slut*, an accurate 
•pictorial representation and •quantitative 
dalcdlatVm of the relative forces orf iron 
and conductor Jjecomcs more* difficult. 
I*hc qualitative efreot is therefore only roughly indicat'd in Fig. 28. 
Dm £ux of the field after passing through*he air-gap proper divided 
1 Se« especially , '*Th* Magnetic Field in Tunnel Armatures." by Prof. l r . (i. 
**y, Electrician, vol. 3^,p. 810 {ISA Oct., 1897), with subsequent corre* 
p<md«icc, and On Mdgaeti* Shielding." bv ProT H. Du Bqfs, Electrician, 
oL 41, p, 106 (20th May, 1898). 



Kio. 27. — Appcjudmate 
path ot lines giving rise 
to torque on (iron 
cylinder con taking an 
embedded loop. * 0 
• « 
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between the alternative piths offered by the teeth and the slots 
in proportion to their permeances since the two paths are, roughly 
speaking, in parallel ; the relative densities within tooth and slot 
are therefore BJB 4 = p, where ft is the permeability of the iron 
teeth for the induction B^ witliip them. Since the permeability 
of gtxKl irmj stampings even at as high a flux-density as 20,000 
lines jjer squAre centimetre is to that of air as 66 : 1, ip is evident 
that if tin? width of the teeth is comparable with that of the flots 
almost all the lines will folio w the in iff path. Jfut the lines, instead 
of being nearly uniformly distributed hver the face of each tooth, 
become denser <m the trailing than on tin; hading side ; by 
the " leadifig side ” is indicated that side which during rotation as 
1 .a dynamo first enters 

!•; " : &y£f!££A>'*V ' or leaves the gap bc- 

; * *Sy 1 # tween two poles, (the 

_ _ 1 in mu , ‘ fi jj i jj i 11 " trailing ” sidr being 

V t]3> that which is the last 

ti \ A&J ,1^1“. J *** vn * cr ,,r ^' avc ii i « 

^ ■■ i [iJ J iutcTpolar gap), and 

s l t the difference between 

c ; K» . w . ' tin* densities of the 

• • ." ' _ • * ' / two edges increase's as 

1 ' ” - tliecurient isinrreaMd. 

< 1 )ir«:lion »if rvt.itinn its ^ciur.Uor The lines tend to 

y ’• ..motor. shorten and strAighten 

Pin "JH. • Distribution of llux in tnoMjnl themselves, so that the 

aimalun. rarryim: oiim-Mt. flS 'llU „f unsym- 

metrical distribution i> 


< Pin*:lion of r^Utum as gi?nrr*1'>r 
y „ „ „ „ motor. 

I k; "JH. ■ Dintrilmtion <>l lltix in tuollinl 
annaiuro rurying cuirriit . ¥ 


to produce directly cm the armature eon* a magnetic pull 
dependent upon the amount of current* that is flowing in the 
conduttors. The extent to which the driving forev r that the 
conductors would experience on a smooth core with the same 
total flux is transferred ( to the iron of the toothed armature de¬ 
pends upon the degree to which the teeth ;uy unsaturated, i.e. 
upon the average dmisity in the aii*gap and the relative proix>i^ 
tions of the widths of tnnth and sloV if 21 J = 6900, and the w*idth 
of the slot is about twice*hat, of the tooth, the Above-mentioned 
relative’‘densities would be obtained, namely, B,fB t ~ 20,000/300 
=* 66 ; the fprcu on the active conductors p» then B^B § ~ 300/6900 
*= ^ird of that to which they woufd be siibjtKtcd on .a smooth 
core with, an equal average density, and Jijrds of the totid pull is 
transferred directly to the iron. The conductors themselves, 
therefore,and the insulation between the conddctors and the walls 
of the slot arc relieved from the greater part of the driving stress— 
a fact tff great importance to the uyiutmo designer. • * 

Thus the toothed armature,: which in an elementary form was first 
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employed in the ring armature of PacAot^, not 'unly gives good 
mechanical protection to the conductors,# \>ut affords a perfect 
system of*‘driving. Largely on this account it Jias displaced 
.the smooth-core armature formerly in vogue, and is now.almost 
UjnvdtaJly employed for all clasvvs of i|ia< bines. * 

. But whether the armature be smooth or tnuriud. the impoMaVc 
of sufficient mechanical strength ft).core, shaft 'and framework in 
general in view of the forces described in till; present Oui|»ter Will 
Unclear. It only remains to*be ajded that in spite uf the transfer-’ 
cure of the major jwri of t Jit* torque from the conductors to (he iron 
m the toothed Jr mature, the totaktmqiit' on the arm.it hi e as a whole 
remains disroverabhuhy equations 4 5, when Ji 9 is interpreted as 
the density m the air-gap, and the eofidu<lors ate imagined to l>e 
situated therein as they would be on an equivalent staooth armature. 



CHAPTER IX 

IlKTI'Jtt'tPOl.AR Al-TKRSATi»K * 

• * 

♦ • 

| 1. The EJLF. tQOAtioD erf a 4rom loop, in a .hetoropoUr flokt- 

Having Ihu? briefly dismissed the subject ■■( .... machines 

both continuous- and allrniaiyi/*-cmtou, wv mum to hitrroj>ohr 
machines (Class II), which, a% bem^by tar the must common type 
in practical use, must In- the main subjTrt of the pseMiii bunk. 
Resuming from Chapter 111 § 12, the* E.M.I*. of a single dium Wp 
in a heteri.polar held will first be considrud. The fundamental 
E.M.F. equation of the dynamo may here be recalled in its two 
forms • * 

cJ = f M 'tli y 1(1'* i.r JS\ M > 10 " 

where 0 is the number i>( lines ( ut tn time t+* < ^ub, oi A*, 

js the number of linkages of lines with th<*e led tie circuit. Jiv means 
fil these equations, any l asecaB he solved, however complicated mav 
be the dosed circuit, i( it be menially split up into snwll elemental 
portions, single cwiidu'tois ■ »i loops as the <as*- mav be, and theft 
E.M.F/s be summed up tlirmighout tlu* whole of the ciiniil, due 
regard be jpg paid to their several directions (on* dir relion lomtd 
the circuit b<ftng taken a*pnsitive) and to ilie quesiioii of whether 
any or all pf the Advents are in parallel. 

Given a single drum loop •! any span mounted on the surface of 
a smooth armature, whether in a hi- nr multipoint field of hetin - 
fKilar type, let the flux-distribution in tin- an gap undei lie pules 
br plotted to give a curve, ^is in Fig. 12, and let )\ t ami By, r;y fi 
having its «wnappropriate sign, be the values of the llux-deusifav 
at tile p.sifions x and ,t* {reckoned spaciallv from an mtejjxilar # 
line where the field changes^ direct ion Tda(i\*ly to (he armatuie}. 
which the two sides o^the ]r*>p occupy at some instant (cf>, Fig. 61) 
Tlufl the instantaneous values rtf the K fl f. infhirerf m the two 
side's respectivclv b% a constant linear velocity C • m. jx r sic. an* 

• B W LV y 10'* an<l *ByLV X 10’*; for tfu* length of llje.arlive side 
is in each case at rigty angles to the*diration of the fi< hi and cuts 
through it at rigflt angles. If flic spar of the h>op is ^idi that 
and Bj have the srfbie algebraic si£n, the K.M. 1*. in cadi loop-side 
is in the i^me direction along it, Iwit when flic bmp as a whole is 
considered, one dirotyitn found it must be 1 yikf n as positive, and 
in thi^felation tjic resultant instantaneous E M F. is the difference 

LV X *0 * Volts. # 

For the linear velocity f may be substituted ojR, where R is the 
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i 

radius of the«conductors and a> is the constant angular velocity 
■* 2ffAT/0O » 2jm j %n that alternatively the E.M.F. of the loop » 

, (Bi-BJLmR x 10* 

J 1 ^ 

In the hefcropoja; machine (in contrast to the homuj/lar case,, 
of Chapter VI IT, ■§ 3) tlu: folt~pikh is the distance measured along 
the pilch-line between the Metres of a pair of neighbouring poles of 
opposite sign, just as iu*a trn>thc<i wheel the pitcU^thc distance 
measured along the pitch-line from the centre of one tooth to the 
centre of the next. If a drum armature such as that of Fig. 18 
he imagined to he rut across a'ong the line marked X and flattened 
out, as in Fig. 60, A A is the pitch-line and p p is the pole-pitch Y. 

Now if the span of-the loop or the distance between x and x* 
is exactly equal to the pole-pitch, Y , i.e, to the total width of a 



field, all fields being assumed to In alike ill their tmal flux and 
flux-distribution, the two sides of tlm loop* at any instant are 
symmetrically situated in fields of equal density but of opposite 
sign, or - The K.M.F/sof the two sides are then additive 

round the bmp, and the total E.M.F. is . % 

2B m LV X 10 s or 'llltLvR X llh* 
and it is this ccmditiw which in practice would he aimed at. 

Tims a single conductor on a smooth-armajure at constant speed 
gives a time-wave of E.M.F., theslvapc of which is an exact replica 
of the spacial curve of flux-deni ty rouiul the aV mature, and so also 
docs a singje loop equal in Span to the polo-pitch if the field-distri¬ 
bution under each pole is similar; but if tjic distribution under 
each pole is not alike the E.M.F. "curve of tte lobp would be freed 
from the even harmonics whtchWould then be tbund in the flux-curve. 
In practice, however,, such a case seldom needs to be considered. 
The same results may.also be applied, at leatUls a first approxima¬ 
tion, to the case of a conductor or loop on a toothed axmsSirc, or 
combined with a toothed pqle-face, but In this case any ripples 
superposed on the smooth wave of EiM.F.ind due to the presence of 
tpeth and slots in stator or rotor or both are no^ taken into account. 
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U At abort on the wu pod to o fi ol a 

ML—II the flux-density curve is sii\u*jkial*as shown in Fig. 61. 
it & exprn&iblfe spatially as 2i gt w9a sin a. where 8„ mmg is the ampli¬ 
tude and a is the angular distance reckoned (in ter ml of » bijHvUr 
•machine 'or which 180* or ir radians coiraspoud to the pole-pitch 
Y) from the point where the flux changes itsslirection between two 
poles. *,«* due* not itself have afiy siftn, hut the value to be 
assigned to ihetangk* a for any given poiitt x follows at once from 
the feet that a stands to x as p j\> f V ; hence, a ~ irt/V. The 
instantaneous E M.K of the hflip i* then 

r. ,/ . vx * ttxA 
R$i ««r• ' I s ill y “ sill y l X 10 



When th« span of dir limp is Y, i^r x* - x \ Y and sin nx'/Y 
— sin (180* + nx/Yy, tliis heroines 

2B n mgx LV mu TTxfY x li r* 

The above may also be expressed m terms of time / instead of space 
x. Reckoning tflne from the instant when a single conductor crosses 
the neutral 'line bet ween •tveo fields, its instantaneous E.M.R is 
B„ /.Fsin coj X 10- inhere <>), — pw ^(Chapter VI, § 15). 
But in the case of a lynp of span more or less than the pole pitch, 
tim^is best reckoned from the infant wln^i the Axis of the loop is 
at right angles to She neutral Jit** or Zero space-position from 
> which x was measured. Hit E.M.F. nUho loop is then . 

[jin fa + m/) -*m | (»- a> j to/], y. ip-* 

^=2 B, IW LV sm cqs q X 10*® 

and when Jhe span of the loop is equal to Y % so that x — 0, 

= 2B. t sin - */ xl(H = 2 B„ sin o>J X 10- (25) 

If T 9 £ the periodic time in secs, taken by the loop to pass a double 
pole-pitch, giving a complete wave, t*> # = 2 ir/T w ; for sin wj ipay 
then also be substituted fhfc CK^jivalcnt expression sin %ni/T g which 
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it analogous Vp the previous expruaiw sin 2nxj2Y, the position of 
the loop of full span Y being identical lor the zeros chosen for both 
*part* and tunc. 4 

The flux*d.stribution being, lyre assumed to be >inusoidal, the 


~ H 9 Substituting^his <*x« 


maximum density /f„ 

pressiiin and remembering that nP/p V, the K MJ'. U 

*' c 

W |f /. V fV, sjil fiv,/ /. Ill'* * 

But IV is the hit id area of our field, so that B ttae LY — 
the total (lux of the field sinii'&dclaliy distributed over a pole-pitch. 
Hence when the sj«m of the loop is equal to Y and when, in con¬ 
sequence, it is kinked hi its zero jMe.ition w ith all the tlux of a field, 
its K.M.F. lnay also be expressed as 

* e >iii y Hr* . . . (25<i) 

The virtual value ok a sine function being . <>{ the maximum 

n 

and the maximum value'being - times the avgiage value of a 
half wave, file virtual value in the almw gtses is 
» t , I w . 

/: ! ' x r, * avetagr value. 

V “ “ 

>B4 virtual value . „ . r * 

Mie ratio , of an altcitukug LM r.i.ir current is 

average value 

known as tli v form {tutor, and its value foi m sine Hmeiiun is thus 
2y/2 lM 

The preceding results may usefully* be clurked on the linkage 
hypothesis as follow*.. The flux linked with the l^op at any 
moment is 


.!>,» j isj.. A 
♦ _ »■ 11 


so that 


dx 


d<S\ 

7M x 1() 8 


Ail? 


x 10 ■ 


But — V t the constant velocity in cm. per second, that the 
above expression tieepmes 

.. = -I.V / dB, x 10"- (B,-B,\LV X 10-* 

J. 
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When the flux-distribution is sinusoidal, and the coifhas a span 



nx j i 

sin -y l . 


28 


ft nl< 



irx 

V 


Ml 

= y. 


and 


d®, 

-J * 1®-*— -2B„ 


. ';-/»»?) • 

-r,— X lo * 


Of 


, V 

Jr 

-2K. 

■ T x r > it>* 

d\ dt 

- W ./-Csm£ IU-. 

1 ♦ 

2nt 

d (cu> ,.r 

*>U I — _ * 

u w ir dt 

m 

) 

x it ) 1 • . % 

_ V 

• 

2ir 2 nt 


!=r<l» . ■ 10 * 

I V * l> • 


2/^j /.A w sin / x 10* 

1 mii / x 10** 

• * 

f 3. The rttio of pole-width to polo-pitch in heteropol&r machines. 

As in tjme^se <>t honi^jH.l.ii machines, when \\<- p:i*»s to coils instead 
of simple loops, it will hr necessary to drtmnine fhr best widllftof 
pole and of winding ; thc a s^init* principles must bnurgmde, ami t)i<* 
same <li>tinrti<>n already drawn (Chapti r VIII, § 2 qu.v.) betwmi 
concentrated, groUjH'd aiuf distributed windings still holds, tyuiv 
the N. and«K of ihr magnet sv*1rin air in lljf same line round 
the armatihv, a fust mfldition is that the leakage i f flux across 
from the edge id a pole ipJo the adjoinuigwdge of I hr next pole 
should not he excessive. In the modern alternator since the magnet 
sv^em is usually interna| hMlfc armature, a M-rund condition is 
that room must flu found for tie necessary exeiting mils with 
sufficient Copper tn them to avoid oveftuatmg. In a machine with 
radial poles of the salient type as*it is termed {cp. Fi^. 20), the 
first condition nftgh^be partially met by thinning off tin- [xje-shoi* 
edges, but^since the oVfuf fhftc whielt they transmit to the surround¬ 
ing armature is also reluct'd thereby, it results in practice that the 
width of the pole-f^s® is usually made less Jhan the pole-pitch by 
at Iw H 30 per-cent. On the other hand, if the ratio of ihr polc- 
width to the pitch be made too small, the flux of each field must 
also be small, and the cxuittng foils on the poles will be comparatively 
uneconomical in weight of wire or in exciting watts. Ceteris paribus, 
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the larger the area gf a magnet-core the more cheaply i* the flux 
obtained, since, t.g., with a round core the area is proportional ip 
the square of (he diameter, white the length of an exciting tiw is 
only proportional to the diamdid. f 

In the non-salient -polf; type- which is now generally /adopted 
for tuibci-altvrrnators (Figs. 234 G), the pole-face width is nominally 
equal to the pole-pitch, but Jicre also the two conditions are met 
by the fact that I lie exciting coil is distributed in slot! over more 
than half the pole-pitch, so lluk between teeth near its centre there 
is but a small M.M.’F. acting to cause leakage, while the neighbouring 
edges of the unskilled |tf*| e-cei it res funning the virtual poles arc 
removed to an appreciable distance apart. A greater concentration 
of tin: exciting winding in fewer slots would for the reason given 
above be magnetically advantageous, but is 
iyibidden by the second of the t wo conditions. 

It thus results that in alt tyjns of the 
hqteropolai alternator, the field of flux from 
one pole is mainly concentrated within some 
SO to 70 per cent, of the pnk*-pitch, and the 
shape of the ciAve nf^ distribution of the flux 
over the pole-pitch is made to resemble more 
f>r less dosely a sine curve—usually with a 
somewhat flattened lop. 

| 4. The ratio o! coil-width to pole-pitch. 
Avoidance ot dir&t difffrent&l action. 
Considering a l>ipilar machine with internal 
revolving magmk, it will be seen that if a 
drum winding spread over the whole internal 
periphery of the armature, as in l'ig, 62, is combined with the 
maximum pole-whith equal to the pitch, as soon as the magnet 
is •rotated away^frum the symmetrical posit ion* of •’maximum 
E.M.F. shown in Fig. 62, each side of fhc coil is at the same 
time under the act but of two poll's of opposite sign. The 
E.M.F/s generated in the active conductors at the outer edges *of 
each coil-side will then-tend to ly dtralize one another, and the bet 
E.M.F. from each coil-side will Ij^ oitly the difference between the 
sums of the E.M.F/s gene At ed in the two pottions wliich are 
respectively under a N. and a 5. pole. In this extreme case, when 
not only Hie coil-sidc has its maximum width eqfial to the pitchy 
but also the pole-width is a tnaximdm, direct differencial action 
lasts throughout the whole period. But *he time during which 
such differential actibnjasts can be reduced by t «focreasing thewidth 
of the winding ; its serious amount can also be reduced by limiting 
the effective width of the pole-lice, or both f emedies can be applied. 
As explained in the .preceding section* the dux is fpr other reasons 
more or less concentrated over a certain proportion of the pole-pitch. 



Pm. 62- Toil and jvolc 
both uf maximum 
width. 
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but the diagram serves to show that if the fXtrcmft coil-width be 
retained, however much the pole-width is reduced, there must still 
remain some direct differential action. I 

That : t is specially the loops af Ach edge of the coil-side which 
' are ineflVtive as cninjured with the central tiyns will be better 
seen if the pultvwidth is reduced a* iji Fi& 63. Starting from the 
position there shown, the E.M.F/s (if Uie § wires at c and d begin to 
oppose that o fll »eir respective coil-sides, and this action increases 
until the axis of the coil coincides with the general direction of the 
field (Fig. 64), when the net K.M.F. of either >kU- and of the coil as a 
whole is zero. As rotation proceeds, flie E. M.F.'s of the wires at /and 
£ oppose the rise of the main E.M.F., but (tgt gradually diminishing 



extent. But the central turns at t are only subjected to differential 
action in a minor degree when the symmetrical line dividing the 
interpolar gap passes across them. Ilrnre it is chiefly whc/i a 
coil-side is wridft than the interpolar gap that all the toojis arc Ju>t 
equally active; and tluSc will be comparatively little reduction' 
in the not E.M.F. if some the loops at <a*h edge of the coil are 
removal and the width of coil-side reduced. Inspection of the 
de^lriped plan of Fig. 65 show* that indirect differential action 
is to be avoided, (1) the inner loqp a must exceed the width of 
pole-face, so that Its opposite sides are Acver moving under the same 
pole ; and further, (2) the outer loop b jnust be of such width that 
when deducted fton? twice the fole-pitch the difference ft not less 
than the yidih of tHfe p<flc-kce. The outer b loop will thus in a 
bipolar n^chine bear the same relation to one pole as the inner a 
to the otHt* pole. In other words^thc width of a coil-sidc 
exccqjl the width of the gap between two pole$, so that 
one coil-sidc may never be under tw® poles of opposite sign. There 
will then only hp left tier small amount of differential action*due 
to the spreading oytwards of the lines from the edges of the poles ; 


loop dops 
must hot 
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this effect can,* strictly speaking, only vanish when the coil w con¬ 
centrated into a single line, but in any case is practically unim¬ 
portant by comparison with the direct differential aefion wh m the 
K.tt.F/s of active conductor* immediately under a polf are, in 
opposition, 'Hie iuutouP toil lo which we are thus led if/he pole- 
width be g*at must Ajfprcc^iHly limit the number of active con¬ 
ductor* ; and further, the/greater* portion of the available space 
round the armature corn on which loops could be fodind will not 
be utilized, A. compromise «must thus be struck between ‘ the 
extreme cases of bmiplete concent i at ion and distribution over the 
ml ire poli-pitch. Hence in afl alternators the mil-sides are con- 
lined within certain proportions of the pitch, although it may be 
to different drgm*s, and in single-phase alternators the spread of 
the coil-side does not much exceed one-half or at most two-thirds 
of the pilch. A \M onjy of the armature is shown diagrammatic ally 
in Fig. 65 as covered with winding. 

| 5. Undivided end 4 divided coils. —When the inactive end- 
cnimectnt'tut both en<ls of the single coil on a bipolar armature 
(Fig. 65) are arranged entirely on one side of the shaft, then if the 
armature isvul across to the centrc'along,the line X and opened 
out. the pla*. develop'd oil tin- Hat shows one single undivided 
<‘oil containing two groups of active conductors with E.M.F/s 
in opposite dint lions (Fig. 65). But this single coil may equally 
well be divided ^nto two halves by taking one-half of, the end- 
coimtslors round on either Mde «>f the shaft, as in Fig. 66. Tlic 
same active groups are now ctyvided between two separate coils in 
which the current circulates in nppo>iK> directions at each moment 
without in any wav affecting the total K.M.F. if they are connected 
in series. When so divided, the si«ice taken up by the connecting 
ti«J? uf the loops in an axial direction i> halved, as is seen by coxn- 
t paring Figs. 65 anti 66. This economy of space is Specially advan¬ 
tageous in the r.ise of multipolar alternates, and the ^Arrangement 
is therefore common.* There are Ihei^two coils for a bipolar, or 
as many foils as there are poles in the multipolar, alternator ; Hie 
outer loop of t he‘divided coils wi^th equal to the pitch, hnd 
if the inner loop has a width eqtud to the polar aA\ the width of each 
coil-side is equal to half thfc gap between the pftles. It must be 
homo in mind that the question whether the coil is divided or 
undivided 1 is quite distinct from tlic questtarf whether the distri¬ 
bution be concentrated, groujfcd, or\infrorril, and whaj we have 
described as a " coil "«may actually be composed of twj> or more 
coils in separate slots ; c$. Fig. 68 shows ax didivided cod which 

1 ^Vmdings with undivided cnilsJare called bW>r. S. P. Thompson " hemi- 
tropic,** and by Mr. U. M Hobart " haK conei," with ♦the opposite term 
4f whole-coikd " for divided coils. 
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is nevertheless spaced out between two slofly on«>quart*r of the 
pole-pitch apart. * % { 

f \ Multipolar alternators. Frequency.— In mod' commercial 
alternators it is desired to product*a large mimlu-r oi alternafions 
• per seeded or a high “ frequency id or 50 complete periods 
per second. The reversals of the direction v\ t he •current ore 



I’JO,65* -Drum bij>»Ur *Iut- lit*. iki I>rum bij-olar arma* • 

nator ifrinuturo with Indo tnr»* with c/!h liivulf.l min * 

vidnl coil. two halves. 

• • 

fraction of a second (from ^lli^to If tfi«* sp^d at which 

a magnet of sufficient to give the requnid ontpui van ho safely 

or conveniently driven is not suftric#tly Jiigh to give the desired 
frequency, it is necessary, while retaining llu* same widfh of winding 
on the armatuwciqtivcly to the width’of pole, to makewnore than 
fcne pair of fields pas* though in cqch revolution. In other words, 
the alternator must be multipolar. If the bipolar alternator is 
imagined to be cut«thp>ugh, and then to be opened out, it is evident 
that t.ffe pair of pofcs can bit re4>cated indefinitely any number of 
times, if the/ are arranged symmetrically round the* enlarged 
armature core. The fuK-Jinejx»rtiofi of fig. 67 shows the alternator 
of Fig. 66 cut through on the Y line when thl magnet has turned 
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through a quarter of a revolution ; the dotted portion to the right- 
liami side shows a pair of poles thus repeated, and similar N. and 
S. poles will succeed each other all round until they/again fcrm a 
complete circle. By thus multiplying the numbers of pairs of 
fields which pass across 1 the coils in each revolution, tl^ number * 
of complete wav<-s of the E.H1\ of the coils shown in full lines 
is increased correspondinglyi If p the number of pairs of poles, 
each pair passt-s any given point once every revolution* so that the 
number of perw*k in one revolution is p, and if N = the number 



if- 

M 

• \- 




Fin. H7. —Porlioii of drum armature of Tmilhpnt.ir 
single jitux* alternator with divided uuK. 


of revolutions i»er minute, the periodicity t-r frequency of the 

p>\ * 

multipolar alternator is f— —, r- , 


Hence, by increasing the number of pairs of poles the frequency 
of the multipolar alternator for a given-number of revolutions per 
minute can be raised to any required figure. The nu^t common 
frequency is 50, cr, as it h symbolically expressed. 50 although 
in the United States of America 60 is commonly employed. The 
larger the output and size of the alternator, the slower the speed at 
which it is desirable to drive it ; consequently the number of pples 
required to give a frequency of Si, will rar*ge froip 2 poles with 3,000 
revolutions per minute to 9U poles with 66j revolutions per minute. 

But it is not only the pairs of poles which can be multiplied: 
the coils nan also be repeated for every pair \A fields, and Fig. 67 
shows by dotted lint's a second pair repyab^d and connected in series 
with the original pair. We thus ( obtain in the multipolaTalternator 
several pairs of poles, and in a single phase as v many coifL as there 
are poles, or with undivided coils, as many sis there an* ^lirs of 
poles, and each coil-side may, if desired, be distributed between two 
or irore slots, as in Eg. 68, All the corqphte coils will in this case 
occupy at any morficnt exactly the same‘position relatively to a 
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‘magnetic field, and the phase and magniAide oj tlfe alternating 
E.M.F, induced in each will be identical. toihe latter tact 

thev can Intimately lx* divided into two or ifiore jxnhs in parallel, 
if a large current is to be cru^iod. Or they caiifbe coupled to* 
gclhcr^n series, so as to form a continimis winding if we desire a 
high E.M.F. with a small current ; and.the *total f.M.F. of the 
machine at any moment c<^ual bftln* E.M.F, induced by any one 
coil multiplird by the number of idib'that are in series. By in- 
cHaNing tJu* ruimber of coils Jhai ^hv in series the E.M.F. •>£ the 



lii. as -PuTtifin nf it rum nrmAlim- ef multipolar mtikIc phas* 

with un<liveil<1 o»iIh. 


altetuati^j is multiplied while tin fn ipien* )i is multiplied by 
increasing the number i *f paiis of poles but whether 1b«» f oils are 
in series nr in two or m<te parallels, the fliarhme lemairis a single- 
phase alternator. •The presence, therefore, jf several i»air* of 
poles and coils yhen (kus icpcaled introduce* nothing new in the 
theory of thc.action, and thc*nn^tipolar alternator hi Obtained 
may be simply regarded as mails up of several bipolar alternators. 
Thus in singl^phjsc alternators the active conductor* are confined 
1 within a compare ivqjy # *mall number of sharply defined coils, 
separated off from one another by intervening spaces of core on 
whichflhcre is qp winding. Aft hough less ^marked in the case of 
polyfhasc machifc& next to^be described, this characteristic is 
still present tn all cases, and by it the alternator is to a great extent 
distinguished not only in action bift also in appearance from dynamos 
which give a*unidirefted Arrent. ^ • 
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| 7. NyplMt Attanulm— Since in the single-phase alternator 
the winding only covers a part of the armature core, it is evident 
that an entirely distinct set of coils forming a second armature 
circuit might hi wound in the vacant spaces between’the coi» of 
the first circuit. Thus in fig, 68, in order that the relurt^ce of 
the magnetir circuit may. 1m: kept approximately constant, a pair 
of empty slots occurs alternately lx»twoen the full slots, and could 



may be used to feed an entirely srparat? external circuit, jmsvjhly 
at a different pressure ; or if lhe original winding only covers one- 
haft of the armature, and the second winding is a duplicate of 
tlie first, as regards mimb'-r and size of the wires, they may be 
interconnected to tym a quarter-phase alternator Tlie geometrical 
degrees of displacement of the two winding* will of emifVe depend 



upon the number of poll*, but sinro twice the poltvpitch corresponds 
to 1160 electriz'd degrees, and thV coils r»f the A windinfrare displaced 
from the corresponding coils of tlje B wading by half the pitch, 
the phase of the E.M.F.'s in the two circuits will differ by a (Quarter 
of a jMTiod, or 90°, thc<onb reaching its maximum .when the^ther 
is at zero. Tliis pnn'ess \nav be carried still fu^her if the Sluts 
between which each coil-side is divided occupy less than half the 
pitch ; with undivided coils it they cov^r<not more than one- 
third, or with divided coils, no.t more than orie*$ixth bf the pitch, 
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tKte distinct armature windings can be wmufij on the 
giving curves of E.M.F. differing in phase by l^O 
is obtained (Fig. 70). Since 1890 such alt 
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me core, 
a 3 -phase 

utors have 



been largely used, and are called ii^ general polyphase machines. 
Their construction and (^gn^ill again be draft with in Chapter 
XXIV and subsequent Chapters. « . 
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| ft. G«iW fcffetetioa ot tinfU phiie dram h et wopoiM 

litoitof,HjWhetl|cr the armature or held magnet svstem rotates 
is decided b" practical considerations of mechanic^ or electrical 
todveniencc. As it is easier to 1 insulate stationary coils/br high 
pressures, the armature ts usually the sfulor. The field-Kiagnct or * 
roior is then internal, and cavries two collecting rings, connected 
to the field winding ; the exciting current is let) into and out 
of the field winding by means of brushes or nibbing*contacts, while 
the ends of the.armature wiidingr, are attached to stationary*ter¬ 
minals. Fig. 71' shows diagraming kally a single-phase dnim- 
wourul stationary armature, \C*it twelve internal poles, pointing 
radially outwards, and each wound with an exciting coil ; one-half 

of the machine is 
shown in section in 
the side view, and 
one-quarter in the 
end view, the paths 
of the magnetic flux 
being there marked 
by dotted lines. It 
will be seen that the 
total flux of lines 
forming onr field 
passes, entire 
througn each mag- 
f net core, and bifur- 
. cutes on reaching 

Pic. 72 .—Two group* <»f roils 30* -♦ one si\tit lh*s armature core 

of pole-pitch apart, cm Mr*>lli armature, fir the yoke-ring. 

I n pr a<:t ice the 

system of magnets would be sup|H>rled from the bcfl-plvtr, which is 
omitted in the 'diagram for the sake rtf dearness. ’The twelve 
armature coils are c^mreted to form a single seiies; the active 
wires of each coil arc shown as disposed in /me layer only of -:;ix 
turns, although ifi mqst* cases tlitre would be a large nmnbel of 
turns, possibly in two or moro’sluts. Current is supplied to the 
exciting coils by tin* brusRos lb and collecting rings, while the 
alternating E.M.F. and njrrefit is obtained *from the stationary 
terminals the armature. At thi' right hand 1 is 4hown an internal 
view of one-half of the armature winding hfter removal of the 
magnet-system. , • 

| 9. Shape of thrf E^BLF. Curve.— Tlie exa*'t«thapc of tfir E.M F. 
curve of an alternator admits u( great variation^ with different 
dispositions of iron and copper in field-magnet and armature (sw 
Chaffer XXVI), bqt the general principle? bearing on the subject 
may be shortly traced. 
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\ Owing Vo the gradual shading off o! the flu* at the tfjges of the 
pile-pieces the rise and fall of the E.M.F. al*%y* foil Jks a contin¬ 
uous curve and can never show abrupt change. Stating with a 
smglc^oil wirty side of narrow wijUfy on a smooth ar/mturc, vjiich 
gives a nearly flat topped wave of E.M.l^ with a normal ratio of 
pole-width to pole-pitch of CUS6, Figs. 72 am! 73 show the effect of a 
grouped distribu' • • * 

tion of and 
three such coils, 
spaced respectively 
one-sixth and one- 
ninth of the pole- 
pitch apart, as they 
would be in a three- 
phase alternator 
with two aJid with 
three slots per pole 
per phase. Pro¬ 
ceeding still further. 

Fig. 74 shows {<> a 
different scale the 
effect nf compound¬ 
ing the E.M.F/s of 
a 6-turn roil ; tlie 
turns aiV % spaced 
out at intervals «>f 
15°, so that each 1 
coil - side actually* 
covers 75°, and a 

near approach is made practically unifoim distribution over 
lialf the pok-flitch. A> the number r>f groups, or the spread of 
the coil-si pi\ is increased, the flat-topped potion decreases* in 
width, until in the last case as the active conductors of a coil-side 
ope by one conic into or out of full act Kin, the resultant curve 
is smoothed out, and its shape closely resembles a sine curve. Any 
undulatory effect* left in the oast* of Fig. 74 and seen more 
markedly in Figs. 72 and 73 is*a t|pc M spacing ripple/’ due to 
the spacing out of the groups. 

But a marked extinction r^ists between the smooth aimature 
%ven when the distybu^oi^js grouped and the toothed armature 
of practice ?n which the groups are embedded in open or semi- 
dosed sifets. In t^e former casc,*t will bcSeqn from the preceding 
figured hat when t V 4 E.M.F. is rising, though its rate of rise alters, 
the E.M.F, ne\er decreases, and vice vent, when it begins to fall, 
it never again tncrcases^during its fall. But in the toothed arrqpture 
there may be afid frequently are such marked Tipples superimposed 



Fin, TX liirn.* ki'i'Up* of roita 2o e n imr- 
niiftli ol pit<ti ;kjv,irt, on smoolh armature. 
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upon the mijn .wave hi the curve that Us rise or fall is no lor<«/ 
progressive, VSo far 1 as the winding in the toothed lrmature is 
grouped in tLc slot's, there is the same spacing effect as already 
described. B\t in addition there,,is a further effect, owing^lo the 
presence of the slots, which must be taken into amount gamely, 
the pulsating of the flux in magnitude or its osc flat ion to and fro 
if the slots affect the nTurtartce of the magnetic circuit, or alter 
the spacial distribution of the lines! 1 When the slcits*are few in 
number and of large dimensions, and especially if they are open at 

* the top, the iron and air 
which are presented at any 
moment to the polar face 
by the armature core may 
vary appreciably either >n 
their proportionate amounts 
or in their position relatively 
to the pole-face. Further, 
the wave-shape alters with 
the degree * of excitation 
•which alters the permea¬ 
bility* of the iron circuit 
(Fig. 75). 

ft 10. Analysis ol E EF. 
wave into its tunjlamental 
and hat monies ,—13y 

Fourier's theorem, as is 
H'elt known, any jk*ru>djc 
function, however complex 
or distorted may be the form 
of*its curve, so long as it is 
single-valued and finite, nuv In 1 represented by the <*uin of a 
scries of sine eurvfs of different frequency* phase, and amplitude, 
the number of such component curves increasing with the complexity 
of the function. 1 Or expressed analytically, jf y is any periodic 
function of frequency /poinds perisecoiul, • 

y =s C'l C’i sin (ruf f 0,) -f C^sinf 0 4 ) fCj An {&>/ F0 3 H Me 

where C j, C|. C 3 , etc., are the amplitudes of the different constituent 
curves. The angular velocity co bci.ig a constant r- 2 irf, uU is an 
angle varying with the time, aiql 0 V 6+ 0 % eU\, are the phases of 1 
the different constituents. Or t^ie same expression may also be 
written as , * , \ 

y=*C +C l sin 2 vf (t^) -}-C t sin 4w/ (<+g +£, sin 6*/ -f 
1 Co. Chap. XXVI. » 

1 SFleming, Tht AlUruatt'Cuntnt Tra*sfw f»*A, vol. \, cb&p. tii. |{ 2-6, 
end especially S P. Thdbipson, [)yna>no'Ettclru \i4chiHtry, vol. 2, chap. d. 
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\pfe t v t p t M ... are the times when eachVomponcA wave first 
puses through aero, If the X axis along winch timJis measured 
divides the Airve of a single period into a positive Jd a negative 
half A equal* area, the const ant«C vanishes, and this is normally 
the case%with alternating K.M.P. s or cuftcnts. Of the remaining 
terms the first containing si n {o>M $ x ) obviously jva+sis through 
a cycle of values in the same time aslhe complex periodic function, 
and so has tfuName frequency ; the second containing sin {!hui -1- 0 4 ) 
ha* double the frequency, and.so*c*i. Hence the first is called 
the fundamental, and tilt res\ from the analogy of " overtones “ 
in acoustics are called the hiinnonifi of the first term. The second 
term of double frequency i* strictly called the first harmonic, the 
third term of triple frequency the second har’muiiic, and so pu. The 
first, third, etc., harmonics, the frequencies of whith are even 
multiples of that uf the fundamental, are km ami as the even har¬ 
monics, and similarly the second, fourth, etc,, are known as the odd 



Fie. 75.. Open circuit J' Nf lv turves <>( 
idlern+lor, (A) with uicr.it t, ami (It) 
# with strong cxiiuinm 


harmonics, their frequencies being uneven multiples. By some 
witters the fundamental term is called tin- hist harmonic, am^thc 
terms of d*ubh\ triple, etc., frequency are c alled the second, thiid, 
etc., harmonic, but witB either teimmoh gy the raid and even* 
harmonics have reference the multiple udmfi tlirir frequency is 
oh that of the fundamental. 

I! even harmonics are yivsen#, either Aie. twiMiulf-wavrs u( the 
complex periodic flmctioii are entirely dissimilar, or, if they have 
the same shape, fluty are passed thttnf h in opposite older in point 
of time, the rise eg. <rftho negative^half wave repeating the decline 
the positivc*half-wave, and vice versa , Since in alternators 
success* vej>oles are aS faf as^possibft* made of iqual strength and of 
similar dktribution of flux, even harmonic* very rarely occur and 
may b^egarded 3* exceptional. In the* jbJcncc, then, of even 
harmonics th<^ general expresjfton for an alternating E.M.F. or 

current becomes • 

» ■ 

y — C x sin d|)-ff/sin^3oj/i-d,)f C|Sin , (5o>f4’^)+ . * . etc. 
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A B 

If & “ tan" 1 so thit. cos 6 =» — 7 and sin 0 •» • . 

A • V/P + fl* 4 Vi4» + B* 

it follows by \igonometry that , 

Va* 4 - if*six*(/J j- 0 ) ~ .4 sin /? 4~ ifcos ft 

♦ - -—— Bt 

Hence d lor C‘ t above substituted VAf + Bf t where — 

• A% 

™ tan 0 V the first tiffin iniy also be nsolved into the %um oi two 

terms, A v sin tot p B x cos tot ; yudogously.the second term becomes 

B. * 

A t sin 3cW 4- B 9 i:us 3o>i, where ~ tan Op and similarly for all 

* Jlj 


the other harmonics. This simply amounts to a statement of the 
fact that if any radius vector as C\ is resolved into two components 
at right unfits to rarh other, and one of these components is so 
chosen that it lags*by Jhe angle 0 L behind C lt the instantaneous 
value C| sin {tot | 0J, or the projection of C\ on the datum axis, is 
equal to the sum of the instantaneous values A v sin tot -|* Ii % coso>/ 
or the projections of A l and B x on the same axis ; or, when plotted 
by rectangular co-ordinates,Mie curve of (\ is at any moment equal 
to the algebraic sum of the ordinates of the Ay and B t curves. Thus 
each constituent sine curve of the complex'periodic function may 
it&lf lie resolved into a pair of curves, a sine and a cosine curve of 
the same frequency, and the general expression for the alternating 
function becomes* 


y «« A\ sin <ot -j- A 9 sin -f A 9 sih 5wi -\- . . *’ 

h By cos tot A' cos -f ifjCos 5a! 4 - . . , « 

*• , 

It will now be seen that all the sine components j>ass through zero, 
and all the cosine curves reach their maximum at one and the same 
time, and the reason fur making this transformation is that in this 
forjrf the sine and cosine amplitudes A and B for *my # particular 
harmonic are readily obtainable either analytic ot; graphical 
methods. One of the quickest methods is that given by Dr. S. P. 
Thompson (Air. nf. p or tilnlrician, vol. 55, p. 78), based on Runge's 
method, and a convenient schedule for practfcal use on a similar 
principle has Ijeen given by A. K. CJ.rytu* 1 ; after determining by 
either of these methods the faliAss of A and B fqr any harmonic, 
they are easily recombined, and the phase relation of lag or lead 
determined for l lie harmonfe from the typical Yelafcion 

VasTbI* sin [tot 4- tan' 1 ~ C? sin (oP-f #J. 

• . . • V 

r 1 Jour*. Lh Mi,, vol S3, p. 491, where the degree of accuracy is also 
investigated. A set of tablet 00 a different method is giVen in £J#cirtcaf 
HWd ttnd Engitmr (vol. 43, n. 1014); cp. also R. Beattie {EUcir^ vol. 67, 
p. 926), La Cour and ^ragstad, Theory ant CiMc^fation of^EUctric Currtnls, 
pp. 195 ff., and P. Kemp, Supplement to vol. 57, Jwm. p. 8$. 
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\ When an alternating E.M.F. (or currerit*) with My odd har- 
monies is resolved into a Fourier series, i*< virtJal or R MS. 
va'.^is 4 / 

v'iifc'fC,* I C,* -) .. .) v'KAxVB,' I A,« i B,* ( . . .) 

it. the square root of half the slim of the sijuait suf the amplitudes. 

If r Cj "in Uot -j Casio (3wf 1.0,1 -}• . 

m and \ ~ - D, sin (w/ \ ^) 1 P^iu (.To*/ J ^ 3 ) |. 

the aveiage power or mean piixiuct of siiuulSamuUs vahus of e 
and 1 over a half-period is the algebraic sum of the jxjwers resulting 
from the fundamental E.M.F. and fundamental current anil from 
each of the harmonic K M l'.'s and currents. it. half the sum of the 
products of the amplitudes of similar order with due regard to their 
relative phase-angles (0, - <^ l ), etc., as in Oiajrtrr VI, $ 13; i>. the 
true watts are 


^1^1 1 . ffi JL \ i Ui 1 1 

V-josfOj •Pi) • V" r,|S “j Til 


When further 1 cm rivetl intiyine anti rosim terms, with the typical 
relations V^Aj* + Bj*?- C,, and Vij \ K,* D^'hvsc several 
sine and cosine curves are in phase, and the mean power is half the 
sum of the products of the amplitudes of similar sine m cosine terms 
taken impairs from each expansion, J.f. 


AjJi, , B ? ff, AjJ, B^K) 

, 2 '* *2 2 * 2 


. . etc. 


Ill order to analyse with considerable accuraiy the E.M.F, c urves 
of alternators, it is often sufficient to determine only the funda¬ 
mental and the harmonics of triple and quintuple frequency, those 
of higher frequency forming but a small residuum. Tlie importance 
of such analysis lies in # the fact that the determination t 1 \ the fre¬ 
quency of the principal components whose amplitudes bear an 
appreciable percentage rtftio to that of flie fundamental throws 
fight on the causes !o which th^distoithai of tli* wave-shape is due. 
Further, for exh%u>tivn*study *4 the conditions in an alternating 
circuit it is neqessary to consider ;#! merely the equivalent sine 
waves fr>r E.M.F. and current, hut also the several effects and 
powers from tly fundamentatoand hartmmirs, 1 especially if rapacity 


•is present and resonance niay occyr. 

'Hie distribution of the flux qycr the jmie-pitch is seldom itself 
so cxaoply sinusoidal that on the assumption* of perfectly constant 
speedrwhich is \^ry nearly attained in practice, it will give a 
sinusoidal cuiYe of E.M.F, Harmonic terms are therefore required 
, 

1 Cp. Stein mtfi. A!f**iAing*Currfnt Menomtn* 1, chaps, xxvixvii (Sth 
fdit). 
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in order to eX^ess th^actual curve of K M.F.; € g. a flat-topped 
curve requi resit triple and quintuple harmonic in combination with 
the fun<1ainrnt\ in order to express it even approximately. + 

| li. The EMI, of the heteropCl&r alternator Id terms / the 
fundamental and harmonic^ of the fold.— But not merely nan the 
fundamental and harmonies of the K.M.F. wave he found : it can 
itself be expressed tn terms of the fundamental and harmonics of 
the flux-cur vc of the field. * * 

Since a single conductor givr^tfith a sintisoidal field 1 an install 
taneous K.M.F. of I.VH 9t „ 4iC sji uoj y 10 " volts, asecond conductor 
displaced from the first, say; in ariAther dot, by an electrical angle y 4 
(also reckoned on a basis of 180° fjjie pole-pit ih) wilt similarly 
give an instantaneous K.M.F, M ,„ sin [wj \ y t ) x 10‘". 

The algebraic kuin of two sine curves of equal ]n-r iodic time and 
amplitude, hilt dispfAred, from one another, is shown by simple 
trigonometry to be another sine curve of the same periodic time, 
displaced in phase front either of its (otiqxinents and having an 
amplitude which'is necessarily less than twice that of either com¬ 
ponent. Although then* may l»e no direct differential action under 
a pole-face, this reduction in amplitude i> due to the two components 
not coinciding n phase, and may U* expressed by a differential factor . 

bfbw since the component K.M.F.'> of a nuinher of conduc tors or 
coils traversing a sinusoidal held arc- all sinusoidal, by an extension 
of the same proc-s of compounding sine curves the resultant 
amplitude as compared with that due to oite conductor'multiplied 
by the number of conductors in series in a plv^r ran be readily 
calculated mathematically, as wilt be <f; >wn in the m xt section, 
and later in Chapter XXV. They can be added as vectors graphi¬ 
cally or by trigonometry, and in relation to a sinusoidal field there 
is no difficulty in detent lining the value of the resultant differential 
factor for any number of slots or coils or for any kind of winding. 

'Considering the total number of active Conductors which form a 
path in series and yield-one combined p]iase of IvM F.. they may 
be divided into a number of belts or sheafs, each one of whirb 
corresponds to one pole. Let / be thv number of active conductors 
in one such belt ; i.e. in the drum cpil if undivided? t is the number 
of conductors in one coil-side or the number of turns in the large 
coil, but if the coil is divided into two 1 wives, f is equal to twice 
the number of turns in the half-coil, finis in Fig. 65'or Fig. 66 the 
belt corresponding to one pule consists 1 of six active conductors, 
and this is formed either by the single coib.dde or by the adjacent 

1 The field is hem provisionally regarded as " steaJy," or of coh^tant 
tbape in time, although strictly this wuuld only be true for a smeoth armature. 
But the conchinionfl deduced from th| steady field of the smooth armature 
apply in the main to the toothed armature of t)racilu, so that for the present 
elementary treatment the'relative displacement of the conductors is spoken 
of aa due to their being placed in different slots. 
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swlrs of two divided coils. In the drum alterfiptor whjfci from its 
practical importance is alone being considered l^ere, tit duplicate 
belt of active conductors forming the opposite coil-sihas also to 
be cons^erefl at the same t ime. In addition, therefore, to l lie dijfrr- 
►ential artjpn within the belt forming a CoR-side, whether llie con¬ 
ductors are grouped in two or more skits or art* um^ unify distributed 
over Mime fraction of the pole-pitch, ^hcrc will lie a difference of 
phase butwew the E.M I’Vs of the two coil-sides*jf the mean pilch 
v' bat ween the two belts is less than 1 4c full pole-pitch Y (Fig. 60). 
Thence there result* a further 4 reduction in the amplitude, which 
must be taken into account in the differential factor, 

Tlie instantamsius E.M.F, of two belts roinspiHiding to one 
pole-pair may. therefore, be expressed as 2 f *LV /l (f rirr sin tnj 
X 10A where is the factor expressing all the* effects of 
differ rut ia! action and the subscript letter s mt\*s to keep before 
the mind that a sinusoidal field is abine under consideration. Further 
in the whole machine jf there are p pairs of poles, there are p such 
large undivided coils or p pairs of divided coils, situated'Similarly 
to one another, ;yid therefore in phase Vith mie aiinthei ; these* 
again may lie divided into q parallel paths, where q may be one or two 
nr any whole number of which p is a multiple, lliai 4 he K.M.F. 


d a phase is dm 


to ^ eniK 


Finally if A r ph be the number of separ¬ 


ate phases (§7). and / be the total number of arfVe conductors 
Cl umted all roftid the armature jn-riphery, the number M f conductors 


in 


one belt* corresponding \o a poih is 

i list ant a ms at s JC.M.F. of one phase as dm 
held is therefore 


Z 

w 

a simplt 


The total 
sinusoidal 


’' ? X N+ % X , V , k “ H >‘ 


sin <aj X KV* 


time being reckoned from Uieinstant when tlu B axrs of the coils arc 

rrDN 

in line with the centres of the sinusoidal Mds. Since V ■- 

# • <*> 
where D is the diameter in cm., • m 


. _ IV Z 

t m = (irDL “ X 


X 10-Vrff rnmi W * 


(26) 


60 * q 

• * ♦ • • 

— c . k 4 J$ 9 f Wff sin toj volts 

* • 

where c is Jlc constant^ within the bracket for,a given machine. 1 
" • • 

1 Although it has\hovc l**n supposed in deducing the formula lliit there 
is a whole number of slots pej pole, so that* each sue reeding pole pitch 
repetition of the first, this svwsjr#pti*i is not essential when k i9 is adjusted 
to suit a fractional number of slots per pole, 
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CHAPTER IX- 


As already stated. the flux-distribution under the pole of an alj(£r- 
iwilor is sefaoin »t/tcily sinusoidal, but whatever the shape of the 
flux-density^ urvr, since it is single-valued, finite anjf cyclist can 
always l>c revived mt« a Fourier series of sinusoidal w^ves, the 
expression for the flux‘Arndty lx*ing thu ; in general 4 * 

R §x sin (a } 0,) f n„t.ui |»«1 0 3 ) { !<„ sin I5<i \ A) {27) 

No even harrnonitS ah- jirAeiit in normal rases, audit he subscript 
numerals indicate respc* tivejjMhe fundamental and higher uneven 
harmonies, • * 

Now all that lias hei-u taid oMhc K.M.F. due to a simple sinusoidal 
field is equally tine <>f rack sepal ah* simisoidal component of the 
actual |*omplrx field/provided i«u|y that k Jt is given its proper 
value appropriate to the wtli haimoiiii. ami ttuwill now lx* sym¬ 
bol nu*d as A,*. <n» • total msInnUueoU* K.M.F. of a phase is 

t llrlHnlt 

e |*, t H gl ''in fix ij' I* fl,) b /$,, sin (:1m,* f- 0,) 

• * l-U/V/'M-Wm [■■■■I - ( 28 ) 

Tims the KM.F. in a single c oil m:u/ be expressed as the sum of a 
number of j'nmpi’iicuts due t«> the several sine wave's of the flnx- 
Xlcrwity, and in a phase* as the sum of the sinusoidal components of 
the l‘ M F/s of the roils. In either case' .my component may be 
represented by^i vector or rotating radius of length projiortionnl 
to the amplitude, whose projec tion ntt a, time axis w#. measure its 
value at any inslant. 

f 12 . The addition 0! Teuton antf gwteffl exprecAou lor the 
diflerentiol lector. Hi. addition i f a number <d vectors, each of 
the same length and displaced sutrosivrly liuiu one another by 
the' same angle y eriteis into so many problems in connection with 
yfe design of both coritinuoiis-c iivrent and allernoting-current 
• machinety that* the subject will first U 1 iutrodured ,in a general 
manner. # 

If q | Vcetols, each of length t anfl displaced roUsft utivcl)* by 
the Silt tie angle y, ;ue drawn either end to end or radiating fryUi a 
common centre aftvi the fadubu of Fift. 70, the sum of their pro¬ 
jections on any two icetanjpiU/ co-ordinates or axes at right angles 4 
to one another and each jusemi# through (he starting point of the 
first vMor or through thu rcHtt# O from wVkhthry radiate, will 
yield respectively 1 he two series » « « ^ * 
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^nd • [cos a+cos (a-fy)-feos a+2y)-f- .. * + f 


Cos 


»u<i| y 


.( 30 ) 


Sill ;; 


Here « i> I lie angle of displacentetfr vf thu first vixtui from the axis 
upon which tjie or^ne series is measured, the t siiU‘ setu*- giving the 
projections on the second axis alright angh> thereto, and y may 
be positive ««r negative. The >umhiat u&\* aie ^latid at once os 
they aie to \h'. found m standard,works ut\ trig-»iu>nuuy, and by 
inserting various values for a or y, the special fuiins required in 
practice are quickly found. 

Usually the maximum value of the \ i- tonal -.urn in jm tint of time 
is requited, a** given by the propi tious uf the'Component rotating 
vectors or of the dosing Vidor of the polygon upon an axis of time. 
Just as in a dotk diagram the piuje« lions of the totaling radii upon 
a Veitual axis <.f time give their uMaiilimmiis values, so also the 
projection of the rising side of the jndygoit if rotated about 0 
gives the instantaneous valued the sum. I'or this to lx* a maximum, 
it is evident, when q l is.uneven, that the central vector must coincide 
with ■>! be paralh ] to the wtiual axis by relrirncc "o winch liyie 
is measured, the remaining vectors bring paired on eiiher side of 
the central victor (lug. 7(>, 1 ), wlnle if q x i> even, they must l>c 
placed sV*unetrically on either side of the vcilicui^ixi* (lug. 70, ii). 
In these ciicums(allies, making us«* of the sine ciii^, the angle a 

by which Mur first Vivt<»r is displaced from thehoiizonlal axis Incomes 

♦ ♦ 

w v ... y , . v .... 

{q x • J)Since sin q l and sm air constant, it is obvious 

to i. to to 


from ('J 9 j that the *uim is a maximum when sin 


(?. i) 


Iju 

y* 

a maximum, and that this is a maximum when n - f - - 1) ,r. 

• 1 . ; 

■>hU5. at the chosen,instant when the Victorial sun* is a maximum, 


it? value is 


9 y> 

sm 2 


. r 

sm. 


(31) 


Or, makfhg use of the cosine series on the same vertical axis of 
time, angle a by which the first vector is- displaced from it is 

- {f!- 1) - , and cos j a f- (?i - l) ? j = c<* 0 B =* 1, so that for 


the same iftstant th^ samf result may also be reached •from 
expression (30). 



MO CHAPTER IX 

K the vcAorg arc g&ired as mentioned above, with ft uneven a^l 
a central vein; giving its full eflt-ct as shown in Fifl. 76, i, then at 
the chosen i\lant the vector sum is 

OA \^LUi I 'UiC \ ... 

- • 11 i y/ i y J 3 yf . .. f-2i:o* (fl,- I) 

With even. th«MMs uoVrftUal vtttor, but when arc paired, 
their Mini full'* on the hue bi^rim# the an^le between the centra) 
pair and is * • 

2iy * 'l l H f . . . 




I 2 C4 


<h 


2 




i r J 


<*« 


-y 



it. 7<» AiMitum *ii v«t top*. 


'Either of the ilhnVc two scries is therehftc the equivalent of the 
pm-rtliog series and ran he shown to hr equal to 

* * <V»i 

v v".! 

4* 

which is tlir ratio o! the vectorial smn^to the magnitude of a single 
Victor of amplitude *. JUit the arithmetical sum of the amplitude* 
is 4 ,t, *o that the rath* ■ 

•' • / 0 t 

• vectorial sum of the amplitude 2 

arithmetical muii ol flic amplitudes y 

1 '• It'** $ 
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> * * 

IJk* virtual values, as (or an alternating E.rf J\. Mnftin each case 
proportional to the amplitudes, the same ratio is tie differential 
frtih* for sinusoidal K JI F.'s differing in phase, expressed m its 
nit»st genera] form. • 

Tin- sarin* evpiessiuu is also reached ffy .mofhei inetlnM which 
is often employed in considering* t^c subject. A> >t brings out 

additional features, it is alsn h*re giwji. In lug. 77 il 0 he half the 

. * ' 
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CHAPTER IX 


But, as sho4a at thaaid* oJ Fig. 77, the angles OB A and OAB ajfc 
rach equal tl w/2-<y/4 ; the remaining angle BOA of the triangle 
is therefore e^tal to y, anil 0 « y/2, so that 

* y 

« vectorial sum H,n 2 
arirtirFn' 1 i< ;«l sum ™ 

‘ ?i s »i 2 


. « i 

When ?! is very huge, and v ■ otnvpondmgly small, foi f t sin 0 
may he written qfi. In the liny ting rase of an infinite number of 
vectors subtending very distal! angles, which cones]*uuls to a winding 
perfectly uniformly distributed over some are of the Ikxi*. it over 
an anglc'y, (lie ratio brumes 


viVtoi.al sum 
aiithnw lif al sum 



(k<»jd X 

-—, for sm 41 

are 2 


where X ‘ s U° w the angular width III Indians of llie*l»elt over which 
the winding is uniformly distributed, 1 This ratio is also equal to 
A b c hord of y v 

H . ~~W~" ,1 "' 1 2 

an: of y . 

-' , nff’Trlnrr m this sfireuL run 1 

2 R * 

sin c tjnn’t 


lift-rent ial far top 


in radians 


coo 


Tin? general expression (112) will he applied Utei (m Chapter 
XXV) to determine k tn in definite ruses, 1 One further rase, 
rleiAentary in nature, but of luiutiiiuut.il import ;yire, must 
Jiowevcr here be added. 'Hie IvM.lYs^ in the two „sjdes of a 
drum roil are in phase, so Jar as r lieii art mu rotttui the coil us <i 
whole is concerned, wfint, as sr|iarati* vectors, they are exactJy 
opposed to one another an elnlriral angle'of 180' -- rr rarinyis. 
If, therefore, the mean pitch nl Kir mil-sides uJrfhe roil-sjsin when 
expressed as a proper or i my r opt a fraction of th* pole-pitch is X^, 
the relative displacement of tl** two vectors of the coil sides for 


* Pur the hmctnms .nul thii'W Prof. S* 1*. Thompson 

rl if, ^in u * 

{font*. I HE., vul, 53. p, Wtu proiM-ised ilie u.imrs " c.uruno ’* anil f p<-rtin* t ” 
and that they should t«r ” vorsin u ” amt “ p**i fl a/' X 

* Much .valuable mloriualutn on the vectorial trrAtmeyt of K Ml'.’i in 

ImlK alternator* .out continuous current machine* is fpvTft in TK* Sk*t* 
of IM Frtstut* \V*v* tn EbelrieM Va Wwry. b»S, V. Smith and K. S. It. 
Houliiing, JJ.EM,. vat. 53. t». 226. ana j\*9ry of Armohtrt U r o«rft«{i. 
by S. P. Smith, JJEM, vol 5$. j>. Iff. , 
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insertion in expression (32) as f is ir(l - Ac) 4n« pitch or 

coil-span differentiaJ (actor is (or tlu* hmduiheqlal J 

* sin it (I - AJ ", . , f 

ft „ '• # «'lr* -■ (I - A,) 


* 

or in griu ial lot any oiiU r n nj hai monte 4 

a * «H * ■' 1 ’ M 4( ' (1 1 ‘ ,s 


. i:tt) 


* a * 

WhriL* £ Is the eXiev* ol thlU'lrliiy l»y wlmli tin* Coil pitch di/his 
flOTII (ill: Jx>lr-]»iti ll ( and till* IvM.FA of the tWo sidr* dejxlft ill'in 
syuchinriMn in ph.w, A-» Fig 7S show-*. (he two shies U/i 



" -u 


B ,0 

?*. liuli UUIct<’H 1 mI f.*« i*-t -f ii 


t LLTII i tJli 


being equal, ami the lw»> angles OA Ii, ORA raeli of vaJvfl* 
n~{\ -AJ. AH HU 4 1<tfl r..s tr * (1 *A<). 

| 13, Resolution o! the field fomtj into fundamental tod 
harmonic*. — At. no lowt, tin* niivrs of flux for each ]>o1e-pi1('h being 
not only similar but symmetrical within themselves aliout their 
middle ordinate, no oismi* or Ii terms arc required, ail harmonics 
having a phase of O'* or IHO^. The no-load flux curve 1 will 
therefore lx: expressible as 

M Mn a r sin da ■ sin 5a ■{••... . (3%) # 

Tig, 79 shows how closely a flat topjx-d curve is reproduced with 
hymonks of only triple anti quintuple frequency, the equal ion to 
lho»curvc Ix'ing in percentages * » 

y — 100 shi a f *20 Sin ah q* 3*5 mu Sa.(35) 

Under load the resultant flux-curvi/ln* oiues distort^ in sltapc 
and cannot be so supply expressed.' An approximate curve Com¬ 
posed of only a Tew terms is shown in Fig. SO, its tquafion being 

# . 1 * * 

y cr mu n -f >in (3a q 45 ) 

V ' \ i ■ 

, - sin (5a q- 45^) - ^ sin (7a q- 90‘) t 
* 

1 Any one or my ft of ibi (unAomc amplitude* //^ etc., m*y Iticll 
be fugitive. 
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'M 

or in percjpiagc* * 


y « 100 V n n f 1M sin (3a f 45") 

, ' 4 sin (5a i ^V)* 2(4 sin (7a *f 90'^ 

Herr a is measured frnii tin* origin of the fundament but the 
resultant nyvi- is‘found t»«|Ki>sif hrou^h zero at - M?“ so that when 



N«« ln.nl fliiv i nrve in trrim nf fim>Unn'iit.il 
amt lianmmiiH 

• 9 

a a* is nu.iMUnl hum I hr origin of the rpMilUttt mice. tin same 
H|Ua1 it >T1 hreomes 

v - 4*i >in (ft { 0,) i r, MU (3a t *0 S ) r . . . . 

IWKiii (a ‘H? )*? IU fl »iK t^u i 45' 48) 

4 -m (5u 45 If) 2-04 mii (7u 4 90 NT) 

*= 100 sin (a 1-«H 4 1M sin (3a (-40 2'') 

, 4 sin (5<s b 37 ’) 2.34 >m (7n*4 788 4 

'Hit' amplitudes (\ - , . »*n theft h* rtNilved vitu 4 am! ll 
terms, by the relating A t «•-* ft, 0,, H, -- C| sin .4 # — C 4 
co*0 a .... ami Hie ^pial iun becomes ^ 

y - - 99-9H sin « | 8 48 stn 3n -IMS sin 5a - 0 38$ sin 7a 

« - 2 79 cos a \ 7-1*5 c.wtta 2 4 cus 4 5a - 2 00 cos 7a (36) 

• ^ ♦ 

in which form it is mure readily applied to practical calculations. 
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114 Tha iMaal KJLK. in tm tf t&> taafeHwtal ot th* 
ftlu iwnili com.-The lull purpose and’advantage o( such a 
division of*the E.M.F, into it* sinusoidal compu*knU, and its 
rxtf'liftiim to the case of an a!tc*rslur under loud, must he left ftx 


t’*r ce/it 

100,- 


AU- 

\ \ i 



, i-' i ^ \*r i i i % t 

j lb* .vy* *w 75* wr' ids* 120 * i»' inf wvMito* 

' t ' . : i*-* _i_i .. 1 . i._ .j 


„1 1 ■ 


J._L. 


I‘ U. H>' J;lii i i.urvn mxlrr in |i nns 

• 4 lu!ti]jiiu nt.i! -irul t».«rm<-iir< ' 


disciivajon at a latei Ma^e. iiul |tt'iHTdiH(j ihi irintm the victual 
K M K. of it he ^diasr i*. * 

• - • 

“ ' ■'«)./' I* * ^ 1 .... 

4 ’ " ’ 

4 <*„•«., /. /*„ i^y (L >u V , 

S ' U,* J . 

Taking ihv hisho.1 yaliu-* for b tt and If* that an* likely to occur 
in practice, viz.J :i 24 per renfc and -j 10 |hi rml. lively of 
B n . it can t\cn be show* 1 that with Hu* values for & A anri k m , etc., 
given by Yiormal thret-pha*' windings the, value for the radicle i\ 
only slij^itly iwri^d above unity and jlial there is but little 


• See ” Note on the I’** of I he I'vmdA^irnlAl of Ibc Ffux Curve in E,M.F. 
Calculation*.*' by S Nevilk, *in y*f>tn r>n tkt /V»f m of Alternating (\trent 
Mtchmtty, by ttawkin*. Smith, and Nc villa (Titman A Sous), p. 13$. 





CHAPTER IX 


error 


in ided frying* with llur first term only, 

which i» the Wftual li.M.F, from the fundamental onl^of the flux- 
density wave. Hence within tin - limits of accuracy nqu/rd in 
practi< <\ the higlwt haniihnie*. have so Ultlr effnt *>n Oiw virtual 
BM.I\ of the phasi> that wr nay >ny 


I. 


I X 

V " ;v rt 


• — it b\. x uy' v.>if 
q W). 


(V) 


which should bircohiparcd with i-quation (Sa) for I lie avrtiup- luique. 
'Hu; area of the fuwtommtal of file flux ruiw, m the fundamental 

** 

flux taken out of the v«»mpl.ti nuvr i» <1^ arid 

• 7T 


trD 

*« , so that 


■ip 


b tX UI.j(i, and m trnni of <h, 
iV 


r vvi ? ■ «"*> x lfr ‘ v ' ,Us 


137*0 


where Wfhefiiltu fa*ioi 


the l' *M I", wavi 


virtual value 
iVi’i ago value* 

Tjj« last rqutftinu should be romitarnl with equalimi (5tf.) 

It must here be s|xsmUy noted that if the total Ihix d> # is insert id 
and the value A,, appiopriate tu a sinusoidal field is retained, a 
greater error i^uilroduivd than occurs wilh tin- i^w.'e rlose 
approximation. * * t 

| 16. The OLF. equation of Um faeteropote alternator in terms 
oi the total flux. Tin- fundamental cquAttoh of<the K M.F. induced 
m tlic aimature of a ht-teiopolur uili ruatnr van. however, be Riven 
in another equally important form, whieh rovers in one term the 
rffeef of different shapes of flux curve or K.M.K, wave. 

Using the same symbols as m Chapter IV t j the iverfcgc density 
of the flux nit by a conduit nr is k ii t ^ and its averse E. M. F. 
is k & 9 mU l. V x 10"*. The gross average I\ induced by the two 
bells of a complete coil oj t turns would therefore be 2(kB tm99 LV 
X Kb*. This average K.M.l*. vp>ihl bc g practically realized iif a 
toothed or tunnelled armatum wi|h concentrated 1 winding, the wires 
of each U*lt being then wound all in the same slot or hole, and the 
mean pitcji of the belts being equ^J to the ptle'pitch. But with 
grouped or distributed winding, a distinction must be drawn betweeq 
the gross average value of the E.M.F. of rtll fhe conductors on the 
supposition that there is no differential action at all bet worn them. 


wt^n 


1 Even when live 3rd hanuoaic b riot elinvinttel fnxn.Uw liDe prewre 
by ■' *Ur " interhntup|| of th® ph«f* uf » three-phtse ftltenuttor, Um? *bov* 
tutrvent hi true; still smaller nihc mpr, wh*n it is rlisiinitti). 

i C /.w> . • * » 
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and the mi *v€f*g$ E Jf.F. which is the ardhmeticah'mcan of all 
ttfb instantaneous values of a half-wave of the actual &.M.F. The 
Utter is Icsd than the gross average obtained on tit supposition 
that «*h act iveconduct or always assists even* ot her, by sonic amount 
depending on the extent to which the E;MF. of some conductors 
is at times neutralised or lessened by that-ft others., As already 
shown in §5 4 and ll ( there must m* vane differentlal action as 
each bell pa^es across the n-utral line U-twirn iwu p»les, and 
especially will tins be the case if tin; width «d the belt <X<wLs the 
width of the gap Ivlwtrn two neighbour lug [bolt's nt op|kisj|<< sign. 
Again, whether the width of the l elt In- Luge oj small, there will 
be differential action In-tween the two belts unless tlieii mean pilch 
be exactly espial In the pole-pitch. The effect nil tin* average 
E.M.F. must, therefore, be discounted by multiply i.ig the gross 
average by a < eilaiu differential factor, or as it i. also i alLd '* wind¬ 
ing fart nr,” k g . which is analogous to k 4t of § 11, but is nut confined 
to the case iff a sinusoidal field. 


The net average E.M.F. of tin* single undivkbd nil us a whole 
is then kj.k. 'lli § mgt t!.V X KV", and the net average E.M.F, 
of the pair of divided coil*, which is the exact equivalent of the singtc 
large coil is of course the same. The value of k 4t or the ratio of the 
ru t average to the gross K.M.E, like that of wall d< jx ml tqn.il 
tlie ratio of tlie pole-width to tin poli^juti h, upon tin: spacing of 
the slots 'u which the conductors of a belt are wound, nl the ratio 
of width iji idil-side to ;>o!« -pit> h. and ab*» upon I In- mean pitch 
of the roil-sides, whether equal to or a fraction of ihe p«>h -pitch * 
while it may approach tuv*y, it must always Ik* less than l if the 
coil-side has any width. 

The shape of the instantaneous E.M.F. cmve of the rnil still has 
lo be taken into account in order to (iud its virtual K M F. as given 
by the squire i nil of tlx*- mean square ; for with the same average 
value the E.M.F. curve nay vary greatly in form according to the* 
density of the lines in the air-gap where they arc cut by the wires. 
Ut *, -. the iatio w*hi« h Hie square root of tlie mean square bears 
tntfthe mean ordinate of tin F.M.F. tn*ve, it , value being also 
dependent upon the relative wiulhs of coil and pole ; Own the 
virtual E.M.F. o* the single individual roil or of the pair of divided 
coils is 

k t x the net average E.M.i. — k f . k 4 . k W g x 10' 1 

• t . virtual E.M.F 
anc ; «=? average E.M.F 
shape c form of the E.M.F. curve. Tin mon prak«d the curve, 
the higher the form I actor. 

As in § II, there are in a phase p ‘*urh coils which may he divided 

• Z 

between f parallel branches, and / » ^— —. Hie virtual 


is the form factor, sire r. it varies wit Ii the 
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E.M.F, m<iiftj«Wn oqc pluv of the armature winding is therefore 
h, - l \ y / y l.V x l(r'- 
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Wft < nx*v^ts (3»j 


. *> 

The travtn fol the trliuhoft of li, m9 , ill flu* iiUiVe equation iti- 
Mi*ail iif Wilting tig -|t ill pl;&'♦* of & mm4 i- that ui |ii.i< lir<- the 

. ■ WJf- 

averago density .and total alusv >d a j*ol* pit<h « „„ „ 

c aminl he gieallv modi til'd vx> <*p1 l>\ alteration of H w mmft so tit.tt 
tlir latter is rnifty the limiting f.n tor and will prove to give the 
greatest , minimi of information in the piuccsMs ot design. 'Dir 
interpret at idii to he put upon H, mma m tfi*-■ '.is**»>f ;tt«iolh»d atmatuie 
will he explained ift Chaplet XVI. 

rtf)/. 

Sum • W, m „p (< hapl-t IV. $ K). b-i W, ^ fnl) 

may t»«- *ihst tinted 2/nl> .md in term, of tin total l!ux of 
u pole-pit* 1 1, the virtual KM J* mav also he expired a. 
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>s the 
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which should he compared with ripiatmi* (.>*•), -u im.nug the two 
factors k f and k d info mu- ji*iyt 4 ortii lent fi , 

/. J.Y 

*V P » • '/ <*> 

/»,V / 

HrTr • ; - is the frrrium* V >d the ma* hitu\ and ■ ■—* 

. <*> . Vv 

juiluhei of who Hi series in one phase. a general rylc. there is 
only one path m ra* h phase, and y 1, The utimci i* a! value of 
the constant K will v.tiv with the shafie of the poles .is affect iijg 
the distribution id the Urns and |dso with iVe Ks jn 1 of machete, 
yet in the main it depends upon the rr/«iiiiv widths nf the coils and 
fields as cnmi>ared with the pic If; certain general eases may time 
fore he taken which will serve ^ guides to pi .Mice, and m Chapter 
XXV, the values for such caVs will tabular eil. U the distribution 

^ « 7f 4 « 

of the field were, in fact, sinusoidal, k f ~ identical 


~V- 


wilh kkli, ^ 1 and i^ualions Jj 8 ) and 

(38*1) reduce to equations (37) and (37*i). « 

« 

1 fn ncov hfhks tljr numerical «>tiMlil 3 k likewise thrown into the 
ComNncd coethcient. which than Itcorae* (or a nn« lurv-o z 22. 



HETEROPOLAR ALTERS.4 TORS M 

If the E.JIF. equation of the alternator null* MMf developed 
forms be now rumjiarrd with the fundamental equal mi (7), it will 
Ik* seen that t^ch of the three variables >till finds it/appropriate 
eqmvaV-m ; instead of the drn>itf /*, I hue now appears the total 
* flux c«f one held <t>,, the Minple length of fin- one aetivr eonduetoi 
lx repined by the total number of piles /. and the-velocity of 
movement reamn-ais m the number of ^eydiitions. 

Again, il the expieNs|i.»s [Sf\ and \Sf) h.t tin average torque in 
watfx \n lev. |k i mm. be ..iimltqtted l»v S. and divided by 
/ • .V|4 . q. the mtlun-il K M l ? . pet phase liocxsiiidv results, SO 
that the same expi(*vd**ns have iiljradv’liirri liiiphutlv uriivetl 
at mthajrtrl IV by another t<mte whirl* pii«ivded horn the 
{und.unuit.il fart *ti the torque. ♦ 



